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ABSTRACT 

 

DESIGN, CONSTRUCTION AND PERFORMANCE EVALUATION 

OF A VARIABLE PITCH AXIAL FLOW PUMP 

 

 

 

Canbaz, Özgür 

M. S., Department of Mechanical Engineering 

Supervisor  : Prof. Dr. Kahraman Albayrak 

 

June 2013, 136 pages 

 

 

 

The need for high capacity pumps is increasing in Türkiye. Meeting these type of 

demands with our national industry will become an important development for the 

future. In this thesis, a variable pitch axial flow pump, having capacity in the range of 

500-700 l/s with the head in the range of 4.2-4.8 m at the rotational speed of 1000 rpm 

is designed, manufactured and tested in Layne Bowler Pumps Company. This thesis is 

a part of a work of  TÜBİTAK-TEYDEB project.  

 

A design procedure is developed and impeller blades are designed by using the special 

airfoils. Pump geometry is constructed as variable pitch blades which provides a large 

operational range by changing the stagger angle of the blades. After the design 

calculations of the pump, the CFD (Computational Fluid Dynamics) analyses are 

performed.  

 

CFD is a valuable tool to predict the performance characteristics of the pumps with an 

easy and economical way. CFD is tried to be integrated into the design procedure and 

the improvement studies are performed. The experimental and the numerical results of 

the manufactured pump are compared to calibrate the CFD code to use for the future 

works. 

 

Also, the partload and the cavitation characteristics of the axial flow pumps are 

investigated. The cavitation performance, including the NPSHR and the cavitation 

inception of the designed axial flow pump is obtained with the help of CFD. The 

instability problems that are inevitable for axial flow pumps, which are caused by the 

presence of recirculation and secondary flows, are studied.  

 

Keywords: Vertical turbine axial flow pump, Variable pitch blades, CFD analysis, 

Pump performance test, Cavitation, Recirculation, Instability 
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ÖZ 

 

AYARLANABİLİR KANATLI EKSENEL BİR POMPANIN TASARIMI, 

ÜRETİMİ VE PERFORMANS DEĞERLENDİRMESİ 

 

 

 

Canbaz, Özgür 

Yüksek Lisans, Makina Mühendisliği Bölümü 

Tez Yöneticisi : Prof. Dr. Kahraman Albayrak 

 

Haziran 2013, 136 sayfa 

 

 

 

Türkiye'nin yüksek kapasiteli pompa ihtiyacı artmaktadır. Bu tür taleplerin ulusal 

sanayimizce karşılanması gelecek için önemli bir gelişme olacaktır. Bu çalışmada, 

1000   d/d'da, debisi 500-700 l/s aralığında ve basma yüksekliği 4.2-4.8 m aralığında 

olan bir ayarlanabilir kanatlı eksenel pompanın tasarımı yapılmış, üretimi ve testi 

Layne Bowler Pompa Sanayi şirketinde gerçekleştirilmiştir. Bu tez bir TÜBİTAK-

TEYDEB projesi çalışmasıdır.  

 

Bir tasarım prosedürü geliştirilmiş ve çark kanatları özel airfoil profilleri kullanılarak 

tasarlanmıştır. Eksenel pompa, geniş bir çalışma aralığı elde etmek için ayarlanabilir 

kanat olarak tasarlanmıştır. Tasarım hesapları yapıldıktan sonra, HAD (Hesaplamalı 

Akışkanlar Dinamiği) analizleri yapılmıştır. 

 

HAD, pompaların tasarımı ardından performans karakteristiklerinin, kolay ve 

ekonomik bir yolla tahmini için değerli bir araçtır. HAD tasarım prosedürüne entegre 

edilmeye çalışılmış ve iyileştirme çalışmaları gerçekleştirilmiştir. Tasarlanan ve 

üretilen pompanın, deneysel ve sayısal analiz sonuçları, gelecekte kullanılmak üzere 

HAD yazılımının kalibresi için karşılaştırılmıştır.  

 

Ayrıca, eksenel pompaların kısmi-yük ve kavitasyon karakteristikleri araştırılmıştır. 

ENPY gerekli ve kavitasyon başlangıcını içeren kavitasyon karakteristiği HAD 

yardımı ile bulunmuştur. Eksenel pompalar için kaçınılmaz olan, döngüsel-akış ve 

ikincil akış kaynaklı, karasızlık problemleri üzerinde çalışılmıştır.  

 

Anahtar Kelimeler : Dik türbin eksenel akışlı pompa, Ayarlanabilir kanatlı kanatlar, 

HAD analizi, Pompa performans testi, Kavitasyon, Döngüsel-akış, Kararsızlık 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

 

 

1.1. General Layout of the Thesis 

 

The flow in pumps is exceedingly complex. This complexity involves separation, 

turbulence and secondary flows. All these phenomena affect the pump hydraulic 

performance and cavitation performance. To date, there has been done a lot of 

research in order to understand the flow structure inside the pumps and developed 

suitable geometries to obtain high efficiency pumps. By these methods and 

approaches, many hydraulic machines and pumps have been designed. Still these 

machines are doing their jobs very well. 

 

In this thesis, axial flow pump design procedure is investigated and used. According to 

this procedure, a variable pitch axial flow pump is designed which ensures given 

design point. Numerical experimentation is performed by using CFD (Computational 

Fluid Dynamics) codes. The results of the numerical experimentation are used to 

improve the design of the pump. Then, the designed pump is manufactured in the 

company, Layne Bowler Pumps. Laboratory tests are done and the results are 

compared with the results obtained from CFD.  

 

Axial flow pumps are high specific speed pumps which means that they are used for 

large flow rates with low heads. The application areas for this pumps are; irrigation, 

sewage treatment plants, cooling water applications and drainage systems. In literature 

and application, axial flow pump blades are designed as airfoils, [1]. The most 

important advantage of using airfoils is having a great lift to drag characteristics. So, 

in this thesis, airfoils are investigated and the design procedure which includes 

calculations based on one-dimensional method and selection of the appropriate 

profiles is obtained. With the help of CFD codes, the designed pump is improved so 

the efficiency of the pump is increased. Also, investigations are done on changing the 

blade stagger angle. The blade stagger angle change are useful for the industry which 

means that they can use these pumps in a wide operational range without losing the 

efficiency.  
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CFD  is used for predicting the pump performance before experimental tests. From 

this point,  CFD is a very powerful and economical tool for pump design. CFD 

provides designers to optimize the pump performance in office environment. The 

commercial codes are available in the market such as Fluent, CFX, CFdesign, Star-

CD, Numeca which can handle turbomachinery CFD solutions with modeling 

features. In this thesis, CFX and Fluent codes are used. Analyses are performed using 

appropriate boundary conditions and turbulence models. Using CFD, it is easy to 

investigate different designs and optimize the performance with the optimal design 

parameters that save time and decrease costs of the prototypes. Especially, the most 

valuable benefit of it is the contribution to the designer on being experienced by 

testing his designs rapidly.  

 

In Chapter 2, basic information about axial flow pumps is given. Flow inside the 

pumps is tried to be explained. The parameters that are given in this section are 

important for the pump design.  

 

In Chapter 3, the design calculations procedure of the axial flow pump is explained in 

detail. The design calculations are done and the impeller and diffuser geometries are 

obtained by using this procedure. Several design changes are done to achieve the 

desired design parameters with high efficiency.  

 

In Chapter 4, the CFD approach is explained in detail. The application of the CFD in 

pump analyses is given. In this thesis, the design changes are done according to the 

CFD results. So, it can be said that the design procedure in this thesis includes CFD 

application. Fundamentally, the two designs are done. For this purpose, two different 

airfoils are used. Both of the designs are modified and the final forms of them are 

obtained by using CFD integration. The efficient design is selected as the final design. 

The investigations are continued on the final design. The main CFD tool in this thesis 

is CFX. First of all, the comparison of the two turbulence models are performed. The 

k-ε and the SST turbulence models are compared. The effect of unsteady CFD 

calculations are investigated. In order to compare the results with another software the 

Fluent analyses are done. The effect of surface roughness is investigated. The pump in 

this thesis has variable pitch blades. So, the effect of blade position adjustment is 

investigated. Finally, the cavitation performance of the pump is obtained by 

numerically.  

 

In Chapter 5, the solid models and the manufacturing of the designed pump are given. 

With the several pictures the pump parts and the manufacturing process are tried to be 

explained.  

 

In Chapter 6, the experimental setup and the performance tests of the pump at the 

three blade positions are given.  
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The Chapter 7 is the discussion and conclusion chapter. All results are discussed at 

this chapter. The experimental and the numerical results are compared. The conclusion 

is done and the future work is given.  

 

In Appendices, the design calculations of the final design, photographs and the 

uncertainty calculations of the experimental test setup are given. 
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CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

 

 

 

 

 

 

2.1. Introduction 

 

In this chapter, the review of studies relevant to thesis subject are given. Theory of 

flow in pump and the main parameters that affect the design of pump are investigated. 

After the brief introduction to axial flow pump specifications and theory, the design 

parameters are explained. In this thesis, the numerical calculations are done by CFD 

codes. The usage of CFD codes and the investigations are given in this chapter. 

 

2.2. General Information about Pumps and Specific Speed 

 

Pumps are classified as rotodynamic and positive displacement pumps. Rotodynamic 

pumps convert shaft power into fluid power by increasing the moment of momentum 

of the fluid flowing through the impeller. Mainly, rotodynamic pumps are categorized 

by the impeller shape. There are three categories which are called as radial, mixed and 

axial flow pumps. Pumps are characterized by the flow rate Q, the head H and the 

impeller rotational speed n. These parameters determine the impeller type. These three 

performance parameters at the best efficiency point give the "specific speed". The 

definitions of specific speeds in dimensional and non-dimensional form are given in 

Table 2.1. 

 

Table 2.1 Definitions of specific speeds 

 

 

Common in Europe 

(metric) 
0.5

0.75q

Q
n n

H
  

 

 US customary units 
0.5

0.75q

Q
n n

H
  

 

Non-dimensional 

 

0.5

0.75s

Q
n

gH
  

3 /

n rpm

Q m s

H m







 

n rpm

Q gpm

H ft







 3

/

/

rad s

Q m s

H m
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The change in impeller geometry with the specific speed is given in Figure 2.1. 

Specific speed increases from radial flow to axial flow impeller.  

 

 
 

Figure 2.1 Pump types with specific speed 

 

In Figure 2.2, change in achievable pump efficiencies with various specific speed and 

the pump capacity are given. At low capacities the efficiency decreases significantly. 

High capacity pumps are axial flow pumps and unfortunately, the efficiencies of this 

type of pumps are high. Using this kind of figures the efficiencies of the desired pump 

can be estimated. 

 

 
 

Figure 2.2 Pump efficiency versus specific speed  
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2.3. Axial Flow Pumps 

 

Large flow rates and low heads corresponds to high specific speed. As previously 

explained, high specific speed pumps are axial flow pumps.   

 

Typical applications of axial flow pumps are; 

 

 Irrigation, 

 

 Sewage treatment plants, 

 

 Cooling water applications, 

 

 Drainage systems, 

 

 Floating control. 

 
 

Figure 2.3  Vertical Turbine Axial Flow Pump (Layne Bowler) 
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In Figure 2.3, cut view of a vertical turbine axial flow pump can be seen. The 

company, Layne Bowler, manufactures vertical turbine and submersible pumps for 

local and global market. The company have capability to produce all the pumps from 

low specific speed to high specific speed. High capacity vertical turbine pump, such as 

axial flow pump need of the market is rising these days. In order to meet this 

requirement with a national way is very important for Türkiye. Layne Bowler plays an 

important role in the pump design and manufacturing market with using their own 

experience comes from over 50 years.  

 

This company has its own "Research and Development Department". With increasing 

technological developments, the research and development works increases. The older 

designs are renewed with the high efficiency pumps. Especially, new types of pumps 

are brought in to the company.  

              

 
 

Figure 2.4 A typical axial flow pump, impeller and diffuser (Layne Bowler) 

 

2.4. Performance Characteristics of Axial Flow Pumps 

 

Although pumps have a best efficiency point, they are operated in a specified range. 

Ideally, pumps should be always operated at best efficiency point but sometimes 

pumps can be operated near this point due to the need of user or/and of the system. 

This operational range is limited by the characteristics of the pump specifed by the 
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manufacturer. Because, by moving away from the best efficiency point, the hydraulic 

and mechanical problems may arise, unfortunately.  

 

As will be explained in the section of "Partload Operation and Recirculation", the 

specific speed and the main geometries of pumps play an important role on 

performance curves of pumps. By the increase in specific speed, the ratio of  shut-off 

head to operation head of pump and the pump power increase. The physics behind of 

this is well explained in Reference [1]. The presence of recirculation at inlet and outlet 

of impeller increases the head component of pump at partload and shut-off operation, 

[1]. Therefore, in axial flow pumps, the power value at low capacities are very high 

with respect to best efficiency point. The change of Q-H characteristics of the pump 

with specific speed is given in Figure 2.5. 

 

 
 

Figure 2.5 The change of Q-H characteristics of the pump with specific speed 

 

A typical performance curve of an axial flow pump having a specific speed of ns=4 is 

given in Figure 2.6. 
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Figure 2.6 Performance curve of an axial flow pump having specific speed of ns=4, [2] 

 

The most harmful effect of the recirculation is the instability at Q-H curve. The 

instability occurs at partload of the pump. When lowering the flow rate, the head 

decreases at instability region. Unfortunately, the tendency of instabilities at Q-H 

curve is high for axial flow pumps. The instability at Q-H curve causes vibration, 

noise and pressure side cavitation. The system and pump curve can not be matched at 

one point. From this point of view an axial flow pump haven't to be allowed to operate 

at the instability region.  

 

2.5. Flow Inside the  Pumps 

 

The main goal of this section is to explain the flow inside the pumps. The parameters 

and theory given in this section that affect the pump design are explained with the 

literature support. With this section, it is expected to understand the theory and the 

selected or assumed parameters in the design procedure. 

 

2.5.1. Vortex Motion 

 

Movement of fluid in a circular path is known as a vortex motion. Particles of the 

same stream cylinder move with the same tangential and angular velocity. Variation in 

the linear or angular velocity determines the pressure distribution along the radius, [3].  



 11 

Selection of tangential velocity variation is an important step in pump design. 

Tangential velocity distribution along the radius determines the energy transfer 

distribution from hub to tip. Therefore, the distribution of the  blade angles of the 

impeller from hub to tip is obtained with the type of vortex motion. In principle, the 

energy transfer distribution can be selected arbitrarily. Some specific distributions of 

the angular momentum on the impeller outlet is used in pump design to obtain better 

and controlled results which are known as free vortex and forced vortex design. 

 

Theory of radial equilibrium is commonly used for calculations of the pump design. 

At this theory a small element of fluid of mass dm of unit depth and subtending and 

angle dθ at the axis, rotating about the axis with tangential velocity, Vθ  at radius r, 

Figure 2.7, [4]. For radial equilibrium the pressure forces balance the centrifugal 

forces. 

 

 
 

Figure 2.7 A fluid element in radial equilibrium, [4] 

 
2

1
( )( )

2

V
p dp r dr d prd p dp drd dm

r

  
 

      
 

                                           (2.1) 

 

At Equation (2.1), if the terms of the second order of smallness are ignored and the 

dm rd dr   is written, the equation is reduces to, 

 
2

1 Vdp

dr r




                                                                                                                 (2.2) 
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This condition can be derived from the momentum equation. The general three-

dimensional momentum equation of inviscid fluid in a radial direction expressed in a 

cylindrical coordinate system can be written as follows: 

 
2

1 r r r
r z

V VV V Vdp
V V

dr r r z r

   

   
                                                                       (2.3) 

 

Assuming axisymmetric flow and imposing a zero radial-flow velocity, it can be 

simplified to: 

 
2

1 Vdp

dr r




  

 

It is seen that radial equilibrium condition assumes that all of the terms in the radial 

momentum equations are negligible, except the pressure gradient and the centrifugal 

acceleration. 

 

For axial flow pumps, it is assumed that there is not radial component of the velocity. 

Only tangential and axial component of the velocity is used in the calculations. If total 

pressure is combined with radial equilibrium condition, Equation (2.4) is obtained. 
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0 ( )1 z

z

dp V d rVdV
V

dr dr r dr

 



  
    
   

                                                                                (2.4) 

 

 

 Free-vortex flow 

 

The product of radius and tangential velocity is constant in this flow. This means that 

same blade work is transmitted theoretically on each streamline.  

 

.V r K const                                                                                                           (2.5) 

 

Euler-Turbine Equation; 

 

 02 01 2 1

1
( )p p V r V r 


                                                                                   (2.6) 

 

For no-inlet whirl condition; 

 

02 2

1
.p V r K


                                                                                                    (2.7) 

 

For inlet and outlet ; 

 

Using Equation (2.4), 

 

0 z
z

dV
V

dr
                                                                                                               (2.8) 

 

It is found that ; 

 

.  (at all radius)zV const                                                                                           (2.9) 

 

As a result from the above conditions axial velocity is uniform at inlet and outlet at 

free vortex design. 

 

 Forced-vortex flow 

 

The fluid rotates  with constant angular velocity in this flow because of this reason this 

flow is called "solid-body" rotation. According to this, tangential velocity is 

proportional to the radius r. 
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.
V

K const
r

                                                                                                          (2.10) 

 

At forced vortex design, the axial velocity is not uniform at the exit of the pump. The 

derivation of the Vz distribution is more complex than free vortex design. 

 

 Some Remarks on Selection of the Vortex Type in Design of Axial Flow 

Pumps 

 

The simplicity of the flow under free vortex conditions is, superficially, very attractive 

to the designer and many turbomachines have been designed to conform to this flow, 

[4]. Designing according to the free vortex implies that the axial velocity remains 

uniform. It also results in uniform loading along the impeller radius from hub to tip. It 

is commonly adopted in axial flow impeller design, [4].  

 

The blade twist is very high for the impellers which are designed as free vortex. At the 

hub, kinetic energy is at its maximum. This means that the static pressure drops 

significantly from tip to hub while total pressure over the blade height remains 

constant. On the other hand, large amount of kinetic energy has to be converted into 

static pressure on the hub of the diffuser blades in order to avoid losses. This means 

that the diffuser vanes are subject to extreme loading at the hub and should be 

designed carefully. 

 

In forced vortex design, the twist of the impeller blades is minimized. Therefore, the 

energy transfer and total pressure rise on the hub are lowest.  

 

2.5.2. Partload Operation and Recirculation  

 

Partload operation is the pump working below the best efficiency flow rate. Pumps are 

designed for a specified Q-H values to work in an allowable operation condition, so 

there is an allowable operating range. However, for the low flow rates the blade angles 

and pump geometry are not convenient. At partload operation separations and 

secondary flows are inevitable. The instability problems at Q-H characteristics are 

observed at low flow rates. There are several studies to stabilize the Q-H curve. The 

main cause of instability is the presence of recirculation. Karassik, [5] and Fraser, [6] 

are worked on recirculation.  

 

Some information from Karassik's studies is mentioned in this thesis. At certain flows, 

generally below that of best efficiency, all centrifugal pumps are subject to internal 

recirculation in the suction and discharge areas of the impeller. The result of these two 

phenomena is a great increase in pressure pulsations. It should be noted that the 

capacities at which the recirculation at the suction and at the discharge arises are not 
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coincidental. Internal recirculation at the suction is most frequently the cause of field 

problems. Two factors led to a greater incidence of problems, [5]. 

 

1. More pressure is exerted by the users to have the pump designers reduce 

required NPSH values. This could only be achieved by increasing the impeller 

eye areas, bringing the onset of recirculation closer and closer to the best 

efficiency capacity, [5]. 

 

2. Higher heads per stage and larger pump capacities are increasing the energy 

levels of individual impeller intensifying the unfavorable effects of internal 

recirculation, [5]. 

 

 

 

 
Figure 2.8 a: Suction Recirculation b: Discharge Recirculation [5] 

 

 

Fraser explains why a reversal of  flow occurs at reduced flow rates. This is related to 

the fact that the pressure field not only increases from suction to discharge, but also to 

the fact that the total head produced is the sum of the centrifugal head and the dynamic 

head. The centrifugal head for any given impeller diameter and speed is independent 

of the rate of flow. the dynamic head, however, is a function of the absolute velocity 

that is related to the rate of flow. At some point on the head capacity curve the 

dynamic head will exceed the centrifugal head. At this point the pressure gradient 

reverses, the direction of flow reverses, and the flow is from the discharge to the 

suction of the impeller, [6]. 

 

The physics of flow recirculation is well explained by Gulich, [1]. Theoretical head in 

open form of Euler-Turbine equation is given in Equation (2.11). 
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2 2 2 2 2 2

2 1 1 2 2 1

2 2 2
th

U U W W V V
H

g g g

  
                                                                        (2.11) 

 

The three terms on the right side of Equation (2.11) has the following meaning: 

 

 2 2

2 1( ) /(2 )zH U U g   is generated by the centrifugal forces. It depends only 

the inlet to outlet diameter ratio 
1 2/d d .  

 

 2 2

1 2( ) /(2 )wH W W g   is generated by the deceleration of the relative 

velocity. It depends on the blade angles, the flow rate and possible 

recirculation zones having an effect on the streamline pattern. 

 

 2 2

2 1( ) /(2 )aH V V g   is created through acceleration of the absolute flow. It is 

largely converted into static pressure in the collector through deceleration. 

 

 

z w

a

H +H    static head component

H           dynamic head component




 

 
 

Figure 2.9 Static and dynamic head components as a function of flow rate ratio, [1] 
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The centrifugal head component in the Figure 2.9 is independent of the flow rate. This 

is only correct in the domain where no recirculation at the impeller inlet is present. 

The onset of recirculation will block the outer region of the impeller inlet cross section 

so that the flow is diverted to the hub. Figure 2.10 shows the diameters that fluid 

enters and exits to the meridional view.  

 
 

Figure 2.10 Recirculation flow pattern a: Mixed or radial flow impeller, b : Axial flow 

impeller, [1] 

 

The effective streamlines are shifted and enter the blading on a smaller radius with 

recirculation which increases the centrifugal head component. The head component 

can be estimated from Equation (2.13) where d1eff  describes the effective diameter on 

which the net through-flow enters the impeller: 

 
2 2

2 1

2

eff

Z

U U
H

g


                                                                                                       (2.12) 

 

The theoretical head increases due to the recirculation by the amount: 

 

2 2 22 2
1 1 12 1

Re 2 2

2 22 2

eff eff

c

U U dU d
H

g g d d

 
    

 

                                                                      (2.13) 

 

According to Equation (2.13), the head component caused by recirculation increases 

with the square of the ratio d1/d2. 

 

The important result obtained from these explanations is the gain in head increases 

significantly with growing specific speed (due to recirculation). It is known that the 
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axial flow pumps are high specific speed pumps, so this is inevitable that the shut-off 

head is high at these type of pumps. Also, the instability at the Q-H curve due to 

recirculation are prone to happen at axial flow pumps. For an axial flow pump, Figure 

2.11 shows the characteristics inside the pump at different flow rates. Discharge 

recirculation and suction recirculation are seen at the partload. 

 
 

Figure 2.11 The axial velocity distributions in an axial flow impeller as flow rate 

changes, [7] 

 

2.5.3. Cavitation  

 

Cavitation is present when the static pressure in a flow locally drops to the vapor 

pressure of the liquid due to excess velocities. Cavitation affects the pump 

performance significantly. The formation of cavities is a process analogous to boiling 

in a liquid, although it is the result of pressure reduction rather than heat addition. 

 

Cavitation causes: 

 

 Performance loss (head drop), 

 

 Material damage (cavitation erosion), 

 

 Vibrations, 

 

 Noise. 

 

Cavitation behavior is typically expressed in terms of cavitation parameters.  
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Cavitation number: 

 

1

21

2

Vp p

U






                                                                                                             (2.14) 

 

Net Positive Suction Head: 

 

01 Vp p
NPSH

g


                                                                                                     (2.15) 

 

Thoma cavitation number: 

 

TH

NPSH

H
                                                                                                             (2.16) 

 

Cavitation Inception and Three-Percent Head Drop : 

 

The first appearance of cavitation is called cavitation inception. When the suction 

pressure or available net positive suction head are decreased from this inception level, 

the region of cavitation enlarges, eventually starting to cause noise, cavitation damage, 

performance change, head breakdown, loss of priming and vapor lock. Figure 2.11, 

shows the development of cavitation by decreasing the net positive suction head.  

 

 
 

Figure 2.12 Total pump head versus NPSH, [8] 
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From a test such as Figure 2.12, the NPSH required value can be evaluated. The three 

percent head drop criteria is the most famous one to use. To avoid the problems 

related to cavitation, the NPSH available must be greater than the NPSH required. 

There are lots of investigations on the selection of NPSH available. The NPSH 

available margin is important for the pumps. 

 

Suction Specific Speed 

 

Suction specific speed is defined as, in non-dimensional form; 

 
0.5

0.75( )
ss

R

Q
n

gNPSH
                         (2.17) 

 

where; 

Q           :  m
3
/s 

ω           :  rad/s 

NPSHR  :  m 

 

But generally the dimensional form of the suction specific speed is used. 

 
0.5

0.75
 

( )R

Q
S n

NPSH
                                      (2.18) 

 

where; 

Q           :  m
3
/h 

n            :  rpm 

NPSHR  :  m 

 

Suction specific speed is defined at the best efficiency point. The numerical value of 

suction specific speed is mainly a function of the impeller inlet design. Higher 

numerical values of S are associated with better NPSH capabilities. For normal design, 

the value of S is in the range between 7000 to 14000. 

 

Cavitation phenomenon limits the design of pump. It is important to control the 

parameters that affect the suction specific speed of the pump at design. Some of them 

are as follows: 

 

 Increasing the impeller inlet diameter, increases the suction specific speed. So, 

significantly low NPSHR values can be obtained by this operation. However, 

as explained in section of "partload operation", large inlet diameters are very 

dangerous for the partload characteristics. They cause large recirculation 
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zones. The increase of the suction specific speed through larger d1 is therefore 

limited by considerations of the behavior at partload, [1]. 

 

 Increasing the inlet angles, throat areas and decreasing the number of blades, 

increase the suction specific speed. 

 

 Double-suction impellers have low NPSHR values, (Qt = 2Q). 

 

 Using an inducer improves the suction specific speed. 

 

Limitation of the suction specific speed 

 

The suction specific speed can be thought as an important design parameter. High 

suction specific speed pumps are well for cavitation performance. But, the upper value 

of suction specific speed can be dangerous sometimes. Because, high suction specific 

speeds require large impeller inlet diameters and large inlet angles which, due to 

excessive partload recirculation, can cause cavitation erosion, vibrations and pressure 

pulsations.,[1]. 

 

At system and pump match, the pump has to work safely with the NPSH available at 

the system. Pump design or the system suction conditions have to be checked through 

the design. This mainly gives an economical limitation for investment of the system 

design and the pump design. So, these designs have to optimized in economical way.  

 

Some classical problems that are mentioned above, are solved today. Pumps having 

low NPSH required values, without the problem of recirculation can be designed, with 

the specific blade shapes obtained by the optimization methods with the help of CFD 

 

2.5.4. Secondary Flows 

 

Secondary flows in the pumps are defined as the difference between the real flow and 

a primary flow.  

 

The secondary flows are affected from: 

 

 Endwall boundary layer, 

 

 Blade to blade and radial pressure gradients,  

 

 Centrifugal force effects,  

 

 Blade tip clearance,  
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 The relative motion between the blade ends and the annulus walls. 

 

The effects of secondary flows on pump : 

 

 Secondary flows cause difference on blade angles and flow angles so the 

performance of the pump changes, 

 

 Secondary flows cause some additional losses besides the frictional losses, 

 

 The flow outlet of the impeller affects  the diffuser performance, 

 

 Vibration and noise problems arise due to secondary flows. 

 

Some types of secondary flows are passage vortex, trailing vortex, tip leakage vortex, 

scraping vortex, horseshoe vortex, corner vortex. Three-dimensional vortices inside 

and behind the rotor is described by Inoue and Kuroumarou (1984),  Figure 2.13. 

 

 

 
Figure 2.13 Secondary flows, Inoue and Kuroumarou, [9] 
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2.5.5. Degree of Reaction 

 

Degree of reaction for a pump impeller is defined as the ratio of static pressure rise to 

total pressure rise. The outlet blade angle determines the degree of reaction. Increase 

in blade angles cause increase on dynamic head component so the degree of reaction 

decreases. Degree of reaction plays an important role on the efficiency of the impeller 

and the pump . 

 

Since the conversion of the kinetic energy into pressure energy in the guide system 

after the impeller involves considerable losses, it is endeavor to attain as high degree 

of reaction as possible, [10]. Higher conversion of the kinetic energy into pressure 

energy in the diffuser (adverse pressure gradient) means higher losses.  

 

The degree of reaction for the pumps is calculated in the design step as Equation 2.19. 

 
2 2 2 2

, 1 2 1 2
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( ) / 2
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R
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 , [10].                             (2.19) 

 

2.6. Numerical Analyses in Pump Design 

 

With the developments in technology, Computer Aided Design have become the most 

important part of the design process when designing a machine. Beside the 

geometrical representation of the solid models, the engineering calculations are done 

by some codes. For fluid dynamics problems the Navier-Stokes equation solver, 

Computational Fluid Dynamics (CFD) codes are developed. These powerful codes are 

created to facilitate the design process of the hydraulic machines. With the help of 

these CFD codes lots of machines have become to be designed and manufactured with 

confidence.  

 

There are lots of works in literature based on CFD calculations for pumps. Today, 

people use the CFD codes to verify and improve their designs. Comparing with the 

numerical results and experiments will also important for tool calibration in different 

operating conditions of a designed pump. The insight of the pump can be analyzed 

with the help of CFD for more improvements. 

 

Geerts (2006) which is Reference [9], analyzed the flow inside the axial flow pump in 

detail. The three-dimensional flow field inside the pump is captured by CFD. There 

are comparisons of CFD and experimental results of the axial flow pump in his works. 

 

With a sufficient background on fluid dynamics, the CFD can be used as a major tool 

in pump design by the designer. 
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CHAPTER 3 

 

 

 

 

AXIAL FLOW PUMP DESIGN 

 

 

 

 

 

 

3.1. General Information About Pump Design 

 

Pump design begins with the parameters which are capacity, Q and head, H. Using 

these parameters, rotational speed, n is determined by considering the system also. 

The first task in pump design is to determine main dimensions which are the inlet-

outlet the diameters and blade angles. To decide these dimensions and other main 

parameters that affect the pump design, some methods have been developed. To date, 

several pump has been designed by using these methods and they are working well. 

These design procedures are described in the literature which are covered in the books 

of Gulich [1], Pfleiderer [11], Lazarkiewicz [10], Stepanoff [3].  In this thesis an axial 

flow pump is designed with the help of these design procedures. The impeller is 

designed on the basis of aerodynamic theory and the blade profiles are chosen by 

considering the desired parameters.  

 

3.2. Hydraulic Design of the Axial Flow Pump 

 

3.2.1. Impeller Design 

 

To achieve the highest possible efficiencies for an impeller, designers make lots of 

experimental investigations. These investigations include the influence of parameters 

that can affect the performance of impeller. These parameters are; inlet and outlet 

diameters,  angles,  number of blades, length of the blades at different sections etc. 

Pump design methods exist to decide the optimum values of that parameters to 

achieve the desired performance, preliminarily. CFD integrated design is highly 

attractive and easy way to verify or improve the performance of pump for the 

designers, nowadays. In this thesis, after using the basic design methodologies, 

available for the axial flow pumps, the CFD calculations are performed. In order to 

obtain the desired design parameters and improve the efficiency of the pump, several 

changes are done by using the results obtained by CFD. 
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Axial flow pumps are designed by using the following methods; 

 

 One-dimensional flow method 

 

 Aerodynamic method 

 

The preliminarily calculations for an impeller design is based on one-dimensional 

flow method. As the Euler-turbine equation, the theoretical head for the pump is;  

 

 

2 2 1 1
th

U V U V
H

g

 
                                                                                                   (3.1) 

 

Hth can be written as : 
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                                                                          (3.2) 

 

3.2.1.1. Aerodynamic Method 

 

Axial flow pump design method is different than the mixed and radial flow pump 

design method. The blade outlet angle increases with the specific speed. This causes 

increase in the relative velocity of flow, than, the friction losses increase 

unfortunately. For this reason, the blade surface area and the number of blades must be 

reduced. For designing high efficiency axial flow pumps, a method which is called 

"aerodynamic method" is developed by W. BAUERSFELD in 1922. This method 

establishes a connection between the lift coefficients of airfoil test data and the 

impeller total head. In this design method, suitable airfoil profiles for several radii of 

the impeller are selected. 

 

3.2.1.2. Calculation and Selection of Main Dimensions 

 

As previously explained, flow rate, head and rotational speed is the main parameters 

for design of the pump. By using these parameters, specific speed is calculated.  

 

The non-dimensional form of the specific speed; 

 

 

0.5

0.75s

Q
n

gH
                                                                                                          (3.3) 

 

By using the specific speed, dimensionless coefficients are selected. These numbers 

are as follows; 
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 Head coefficient 
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 Flow coefficient 

 

 
2

mV

U
                                        (3.5) 

 

 Thoma Cavitation number 
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H
                                                                                                 (3.6) 

 

These coefficients must be selected such that the specified head is achieved and the 

pump can operate safely with the specified NPSHA. 

 

  3.2.1.2.1. General Assumptions 

 

 Inlet Flow 

 

For the inlet flow, no-inlet whirl condition is specified. This makes the inlet flow 

angle,  1 90o   

 

For no-inlet whirl condition (
1V =0) , Euler-turbine equation becomes; 

 

2 2
th

U V
H

g

                           (3.7) 

 

 Vortex Assumption 

 

General information about vortex is given in the chapter of "vortex motion". 

Generally, due to simplicity in calculations the "Free-Vortex design" is selected. By 

this design, the following results  are obtained, as explained previously: 

 

.V r const   

 

.  (at all radius)zV const  
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Free-vortex design can be called as constant angular momentum at all sections. 

 

 Efficiencies 

 

In order to define the overall pump efficiency, the three independent efficiencies must 

be known. These efficiencies are hydraulic, volumetric and mechanical efficiencies. 

Overall efficiency is the product of these three efficiencies. 

 

Hydraulic efficiency is related with the hydraulic losses inside the pump. Designers 

try to minimize hydraulic losses in order to obtain high efficiency pumps. The 

achievable values for varying specific speed is given in literature. These values can be 

used for the first calculations of the design. The desired hydraulic efficiency used in 

the calculations should not be different from the real value of the pump (obtained from 

CFD or experimental tests). If the efficiency does not match with value that is used, 

the design  is changed. By this iterations the final geometry of the pump can be 

obtained. The theoretical head value calculated in Euler-Turbine equation should be 

evaluated considering the value of hydraulic efficiency. The definition of the 

theoretical head is : 

 

th

h

H
H


                                    (3.8) 

 

The predicted volumetric efficiency should be considered in the design calculations. 

As hydraulic efficiency the volumetric efficiency can be determined from CFD, too.  

 

Flow rate through the impeller: 

 

'
v

Q
Q


                           (3.9) 

 

Mechanical efficiency is not used in the hydraulic design calculations. It is assumed to 

predict the overall efficiency of the pump.  

 

3.2.1.2.2. Head Coefficient 

 

With determining the head coefficient, the outlet diameter of the outer streamline is 

determined.  The value of the head coefficient is limited due to higher hydraulic blade 

loading, unstable characteristics at the Q-H curve and cavitation performance of the 

pump. The higher values of the head coefficient can be achieved but the  Q-H 

characteristics of the pump becomes unstable and the NPSHR value increases, [1]. For 

this reason the higher values for the head coefficient is not recommended. On the 

other hand it should noted that the lower values of the head coefficient means that 
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large pumps. So, the selection of the head coefficient parameter which determines the 

size of the pump is important for the design of the pump. 

 

The head coefficient can be selected according to Equation (3.10). 
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  , [1].                                (3.10) 

 

In this equation, f =1 condition gives the maximum head coefficient value to be 

selected. If cavitation must be optimized, larger impeller diameters are required; the 

head coefficients and the constant f  must be reduced accordingly.  

 

3.2.1.2.3. Flow Coefficient  

 

For a selected outer diameter, the flow coefficient determines the meridional velocity 

at the outer streamline. Generally, the free vortex design is used. According to free 

vortex design the meridional velocity is constant at all radius. So, the flow area can be 

determined by using the flow coefficient. This means that for the known outer 

diameter the inner diameter of the pump is determined. 

 

The flow coefficient can be selected according to Equation (3.11) and (3.12). 
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  , [1].                               (3.11) 

 

where, 
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q 1.5a=2.828 ψ
158
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   , [1].                                     (3.12) 

 

3.2.1.2.4. Hub to Tip Ratio  

 

Like the relative outlet width b2/d2 of radial impellers, the ratio di/do is a very 

important design parameter which has an effect on the efficiency and the blade twist at 

the impeller inlet and outlet, [1]. 

 

When selecting the hub ratio, some criteria should be considered, 

 

 The blade outlet angle on the hub β2B,i should be less than 90
o
, [1]. 
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 The deceleration ratio of the relative velocity on the hub should not be below 

an allowable value, i.e. 
2 1/ 0.6i iW W  , [1]. 

 

 In a swirling flow, a core of stalled fluid is formed when the diameter ratio 

drops below a specific limit. The criterion for core stall is 
2/ 1m iV V  , [1]. 

For free-vortex design this leads to the condition given below: 
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o h

d

d



 
  , [1].                                             (3.13) 

 

3.2.1.2.5. Calculation of NPSHR  

 

According to [1], a simple equation to predict the NPSH required is given. Cavitation 

coefficient and the NPSHR are defined as Equation (3.14) and (3.15): 

 
2 3

( 0) 0.14 1.14 2        , [1].                                          (3.14) 

 

By using the value of flow coefficient, Equation (3.14) is calculated. By using the 

value obtained from Equation (3.14), the NPSHR can be calculated from Equation 

(3.15). 
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  , [1].         (3.15) 

 

This simple correlations are not enough to predict the NPSHR of the pump. But, the 

relation between NPSHR and the flow coefficient, so the inlet flow angle, can be 

understood from these empirical formulations. As the flow coefficient increases the 

NPSHR takes the high values. Consequently, the bad cavitation characteristics are 

obtained.  

 

3.2.1.2.6. Selection of Inner and Outer diameters 

 

Considering values of head and flow coefficients, the diameters are selected. Hub to 

tip ratio is calculated and the criteria explained for selection of hub ratio is checked. 

Peripheral velocity at the outlet: 
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                                    (3.16) 

 

The outer diameter is selected, than the head coefficient is checked. 
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Inner diameter can be selected by assuming the hub ratio or calculating the flow 

coefficient.  

 

The meridional velocity: 
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where, 
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                             (3.18) 

 

For selection of these main dimensions the Figure 3.1, which is plotted by using the 

equations given before, can be used. 

 

 
Figure 3.1 Selection of head, flow coefficients and hub to tip ratio, [1] 

 

3.2.1.2.7. Velocity Triangles  

 

After selection of inner and outer diameters, the peripheral velocity is calculated. The 

net area of the flow is calculated. This determines the net meridional velocity. In 

literature, most calculations for the meridional velocity are calculated without 

considering the blade blockage. Without blockage the velocity triangles for the inlet 

and outlet is obtained as in Figure 3.2. For an axial flow pump because of the 

geometry of the meridional view the axial velocity can be used instead of meridional 

velocity. Theoretically, the radial component of the flow is considered as zero.  
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The meridional and the peripheral velocities determines the inlet flow angle, β1. The 

outlet triangle is determined using Euler-turbine equation. 

 

The Vθ2 is calculated. This calculation determines the outlet flow angle.  

 

 
 

Figure 3.2 Velocity triangles at the inlet and outlet 

 

For the axial flow pumps, inlet and outlet diameters can be taken as; U=U1=U2.  

 

3.2.1.2.8. Calculation of Inlet Flow Angle 

 

As the inlet and outlet diameters, the inlet flow angle has great importance on 

cavitation and partload characteristics of the pump. For a selected rotational speed, 

after choosing the flow coefficient the inlet flow angle is obtained. According to [1] 

the best cavitation characteristics are obtained at β1=10 to 12
o
. The larger the approach 

flow angle, the higher will be the flow rate at which the Q-H curve becomes instable, 

[1]. Such instable characteristics limit the operating range of the pump.  

 

3.2.1.2.9. Incidence 

 

The incidence angle is the difference between inlet flow angle and blade angle. 

Generally, blades are designed with an incidence 2-4 degrees at the best efficiency 

point. Increasing the incidence angle causes flow separation so this angle should be 

minimized. The zero incidence means the flow angle and the blade angle are same. 

This case is called as shockless entry.  
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Figure 3.3 Blade inlet angle, flow angle and velocity 

 

The flow rate at the shockless entry condition with respect best efficiency flow rate 

affects the pump Q-H characteristics. Especially, the cavitation performance of the 

pump changes with the incidence angle. Besides the cavitation performance, the 

instabilities at the partload and the onset of the recirculation are dependent on the 

incidence angle. 

 

3.2.1.2.10. Calculation of Outlet Flow Angle 

 

The outlet flow angle of the flow plays and important role on the head of the pump. As 

previously assumed, the inlet has no-inlet whirl condition. Therefore, the Euler-turbine 

equation becomes: 
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                                  (3.19) 

 

Using the velocity triangles, the flow angle at the outlet can be derived as: 
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                                 (3.20) 

 

In Equation (3.19) , it can be seen that the head depends on U2 and Vθ2. After selection 

of head coefficient the U2 is determined. This selection for a chosen hub to tip ratio (or 

flow area)  determines the Vθ2 value. These step brings the design to outlet flow angle, 

Equation (3.20).  

 

The vortex motion selection determines the blade twist. For free-vortex design the 

flow angles at the hub takes higher values than at the tip. Selection of impeller inlet 

and outlet diameters (hub-to-tip ratio) or the vortex type determine the blade outlet 

angle variation from hub to tip. Flow separations increases with the blade angles. 

Because of this reason, the selection of the main dimensions and vortex type should be 

done carefully. 
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3.2.1.2.11. Deviation Angle 

 

It is the fact that if the pump blade outlet angle is constructed as calculated with the 

Equation (3.19), the head generated will not satisfy the design head. This is caused by 

the deviation angle existing in the nature of the pump. Deviation angle is the 

difference between the blade outlet angle and the flow angle. In radial and mixed flow 

pumps, the deviation between flow angle and blade angle is called as slip factor. In 

order to predict the slip factor of that pumps, some empirical correlations are derived. 

However, for axial flow pumps, no need to use such correlations because of having a 

different design procedure of axial flow pumps. Using airfoils at the blade profiles 

ensures the design point and the deviation angle can be calculated or checked after the 

construction of the blades. CFD is very valuable to check the flow angles. After design 

calculations finish, the pump is tested in numerical environment, if the specified head 

is achieved at the specified flow rate. This means that the true airfoil and the true 

outlet angles are selected. 

 

3.2.1.2.12. Selection of Impeller Blade Number 

 

The optimum number of blades decreases with increasing specific speed. The 

optimum blade number is determined by the blade loading so that the final selection 

has to verified during the blade design process. [1] Table 3.1 is useful to select the 

blade number of impeller. 

 

Table 3.1 Selection of impeller blade number at different specific speeds, [1] 

 

ns 2.6 to 3.3 3 to 4.4 4.1 to 5.5 >5.5 

zimp 5 6 7 4 3 2 

 

3.2.1.3. Blade Design 

 

3.2.1.3.1. Relationship Between Lift Coefficient of the Blade Section and the 

Design Parameters 

 

The swirl distribution at the impeller outlet determines the blade twist. Calculations in 

this thesis is based on free-vortex design which means that the same blade work is 

transmitted on all streamlines and the axial velocity over the radius is constant. Other 

swirl distributions can make the axial velocity distribution non-uniform.  

 

Several streamlines (cylindrical or spherical sections) are defined on which the 

calculations are performed to obtain the flow angles for each diameter. Generally, the 

meridional area is divided into 4 to 8 of equal area.  
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For no-inlet whirl condition, a typical inlet and outlet velocity triangles with W∞ and 

β∞ are plotted in Figure 3.4b. 

 

 
 

Figure 3.4 a: Elementary rings    b: Velocity Triangles at inlet and outlet with W∞ and 

β∞ 

 

When designing the blades as airfoils, the mean approach flow velocity W∞ and angle 

β∞ must be defined. These parameters are defined as at the Figure 3.4b and can be 

calculated as: 
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 36 

 
 

Figure 3.5 Forces acting on a blade section 

 

 
 

Figure 3.6 Radial section of the impeller 

 

From Figure 3.5 , it is seen that two forces, L and D are acting on the blades whose 

resultant is R. The small angle between R and L is called the sliding angle, λ  and is 

obtained by;  

 

tan
D

L
                                     (3.23) 

 

Consider elementary rings of radius r and width dr Figure 3.6, the elementary 

discharge is obtained as: 

 

2 m mdQ rdrV zsV dr                      (3.24) 
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where z denotes the number of blades and s the pitch at the radius r. 

 

The elementary power: 

 

                        th m thdP gdQH g zsV dr H                                    (3.25) 

 

On the z elementary rings of width dr, the force zdR acts; it is component in the 

direction of impeller motion is: 

 

The tangential force on the blade : 

 

cos(90 - ( )) sin( )odR zdR zdR                                                             (3.26) 

 

The elementary power : 

 

sin( )dP zdR U                                                            (3.27) 

 

Using Equation (3.25) and Equation (3.27), 
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Lift Coefficient : 
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Rearranging the Equation (3.31), 

 

Flow Deflection Coefficient:  
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3.2.1.3.2. Selection of Solidity 

 

The product of the CL and c/s is calculated by using the Equation (3.32). One of these 

two quantities must be selected so that the second one can be calculated. Solidity at 

the outer streamline can be selected by using the Figure 3.7 as a function of specific 

speed. 

 

 
Figure 3.7 Selection of c/s for outer streamline(solidity), [1] 

 

Airfoil profiles are selected according to the "Profile selection" section.  

 

3.2.1.3.3. Properties of Airfoils 

 

As mentioned previously, the axial flow pump blades are designed using the airfoils. 

An airfoil has a camber line and the profile of the airfoil is obtained with a specific 

thickness distribution on the camber line. The upper (or suction) surface and the lower 

(or pressure) surface describe the airfoil. The chord of the profile is used as reference 

axis or x-axis. The dimensions for an airfoil are based on the profile chord length. 

Some geometric parameters which influence the flow characteristic over the airfoil are 

maximum thickness ratio (ymax/c), relative thickness position (x/c), camber and its 

position on the profile chord, nose radius, shape of the camber line. 

 

The chord length and the maximum thickness of an airfoil are defined in Figure 3.8.  

 

 
Figure 3.8 The chord length and the maximum thickness of an airfoil 
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When flow moves around an airfoil, it exerts a force R. The components of the this 

force are known as Lift and Drag forces. Lift force L is the component normal to the 

approach flow direction. Drag force D is in the direction of the approach flow.  

 

Lift, drag coefficients, and pressure distribution determines the flow characteristics of 

an airfoil. These coefficients and pressure distribution depend on angle of attack. 

Angle of attack is the angle between the direction of the approach flow velocity W∞  

and the profile chord.  

 

The angle between the lift and the resulting force R is called "sliding angle" ,λ. The 

ratio  ε=tanλ is termed "drag-to-lift ratio" The drag-to-lift ratio of commonly used 

airfoils is in the range of 0.01 to 0.04 depending on the angle of attack. It can be seen 

as a measure for the hydraulic quality of the profile, [1].  

 

 
Figure 3.9 Flow around an airfoil, [1] 

 

 

As seen from the Figure 3.9, a stagnation point is formed near the leading edge when 

the airfoil is exposed to the undistributed approach flow velocity W∞  under the angle 

of attack. With the increasing angle of attack the stagnation point moves away from 

the edge.  

 

The boundary layer is laminar near the nose of the airfoil. After a specific flow path 

length it becomes turbulent. Reynolds number, the turbulence of the approach flow 

and the roughness effect this transition. When the deceleration is too high, the 

separation starts and the wake is formed by the boundary layers and stalled fluid, 

Figure 3.9. 
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The pressure distribution on the airfoil is important. It determines the forces acting on 

the airfoil. The pressure distribution can be used to understand the cavitation 

performance of the airfoil, too. With increasing angle of attack pressure minimum 

point moves closer to the leading edge of the airfoil, Figure 3.10. 

 

 
Figure 3.10 Pressure distribution on airfoil NACA652-415, [1] 

 

 

The airfoil profile coordinates and the coefficients are given in airfoil catalogues and 

manuals based on measurements and calculations. There are several codes that give 

properties of the standard airfoil profiles and can generate new airfoil profiles such as, 

"XFOIL" and "Profili". In this thesis the "Profili" program is used. The properties of 

the selected profile is used in the design calculations and the blades are created by 

using the coordinates given in the program.  

 

The lift coefficients are often presented in "profile polars" as a function of the drag 

coefficient. A line drawn from the coordinate origin to any point on the curve 

represents the dimensionless resultant force acting on the profile with the components 
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of lift and drag, [1]. In the design step, the main objective is selecting an airfoil that 

satisfies the calculated or selected lift coefficient value at the design point. At the 

same time, the drag must be minimum. Drag-to-lift ratio determines this 

characteristics. For an optimum sliding angle or minimum loss, the tangent from the 

origin to the polars can be used, but as mentioned above, the codes are very useful for 

this operation.  

 

The angle of attack value of the airfoil profiles are read from the plot of the lift 

coefficient versus angle of attack. With the increase in angle of attack the lift 

coefficient increases, too. Just prior to the onset of stall the airfoil gets the maximum 

value of lift coefficient. From that point the lift coefficient falls severely.  

 

Influence of the airfoil parameters on the aerodynamic coefficients are listed below; 

 

 The maximum local velocity increases with the thickness ratio.  

 

 With increasing thickness ratio ymax/c the magnitude of cpmin consequently 

increases 

 

 When the relative thickness position x/c is increased, the location of the 

pressure minimum and the transition laminar/turbulent are shifted further 

downstream.  

 

 If the curvature gets stronger, the lift and the magnitude of cpmin increase. 

 

 The minimum drag coefficient is reached when the flow approaches in the 

zero-lift direction. The drag increases with the thickness ratio. 

 

 The location of the resulting force (neutral point) is in the range of xN/c=0.25 

to 0.28. 

 

 There is a linear relationship between lift coefficient and the angle of attack. 

This allows an approximate formula; 

 

max
L

y
C a b

c
                                      (3.33) 

 

The gradients b of many profiles are within the range of b=0.09 to 0.11, [1]. With 

multiplying the y-coordinates of the profile geometry with a constant factor a new 

profile can be obtained. By this operation the lift characteristic of the profile can be 

calculated by the Equation (3.33). In this equation the constants a and b are known. 

After deciding the lift coefficient value the ymax/c is calculated with this equation. 
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The lift and drag coefficients depend on Reynolds number. The Reynolds number can 

be calculated  as ; 

 

 Re
W c


                                   (3.34) 

 

The pumping of water is in turbulent flow regime. The flow characteristics of the 

airfoils should be evaluated at this flow regime. 

 

3.2.1.3.4. Profile Selection  

 

According to the theory of thin blade sections, the lift is directly proportional to the 

camber of the profile, [1]. After selection of main dimensions and calculation of CLc/s, 

the desired lift coefficient is determined. At this step, the appropriate profile is 

selected for the desired lift. The effects of the thickness and the shape of the camber 

line of the profile is important in selection. Some criteria of selecting an airfoil profile 

are listed below. 

 

 The thickness distribution and the camber line both determine the pressure 

distribution, [1]. The pressure distribution is important for cavitation 

characteristics of the pump. For a good cavitation characteristics the 

maximum thickness position is sufficiently far away from the leading edge. 

Increasing the xd/c increases the risk of flow separations at the rear of the 

profile.  

 

 Shaping the camber line as a circular arc is unfavorable because such profiles 

are sensitive to excessive incidence, [1]. A profile which has parabolic camber 

line should be selected.  

 

 Although sharp profiles promise minimal losses in shockless approach flow 

(which would be favorable at best efficiency point), they are sensitive to 

incidence and unsuitable in terms of partload and cavitation characteristics, 

[1]. 

 

 For a good efficiency and cavitation characteristics the profile thickness is 

usually not selected larger than ymax/c= 0.15 to 0.18, [1]. 

 

 The profile thickness has to increase from tip to hub for mechanical and 

hydraulic reasons. As previously mentioned, the profile thickness coordinates 

can be multiplied by a constant factor for generating a new airfoil having 

desired thickness.  
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3.2.1.3.5. Airfoil Database Program: "Profili 2.0" 

 

In this thesis the airfoil characteristics are obtained by using a commercial code of  

"Profili 2.0". The suitable airfoils for the design are selected and the coordinates of 

them are used. The airfoil database looks as Figure 3.11. From that database any 

profile can be selected and the lift, drag characteristics and the pressure distribution 

over the profile can be obtained. 

 

 
 

Figure 3.11 Profili 2.0 airfoil management 

 

The maximum thickness position and the maximum camber of the profile is seen in 

Figure 3.12. 

 
 

Figure 3.12 Airfoil preview 
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The coordinates of the airfoil can be exported with format as Table 3.2. 

 

Table 3.2 Coordinates of a sample airfoil 

 

NACA65-010 

X Ylower  X Yupper 

0 0  0 0 

0.005 -0.00772  0.005 0.00772 

0.0075 -0.00932  0.0075 0.00932 

0.0125 -0.01169  0.0125 0.01169 

0.025 -0.01574  0.025 0.01574 

0.05 -0.02177  0.05 0.02177 

0.075 -0.02647  0.075 0.02647 

0.1 -0.0304  0.1 0.0304 

0.15 -0.03666  0.15 0.03666 

0.2 -0.04143  0.2 0.04143 

0.25 -0.04503  0.25 0.04503 

0.3 -0.0476  0.3 0.0476 

0.35 -0.04924  0.35 0.04924 

0.4 -0.04996  0.4 0.04996 

0.45 -0.04963  0.45 0.04963 

0.5 -0.04812  0.5 0.04812 

0.55 -0.0453  0.55 0.0453 

0.6 -0.04146  0.6 0.04146 

0.65 -0.03682  0.65 0.03682 

0.7 -0.03156  0.7 0.03156 

0.75 -0.02584  0.75 0.02584 

0.8 -0.01987  0.8 0.01987 

0.85 -0.01385  0.85 0.01385 

0.9 -0.0081  0.9 0.0081 

0.95 -0.00306  0.95 0.00306 

1 0  1 0 

 

 

Sometimes original form of the selected airfoil needs to be modified. For example, the 

maximum thickness of the original profile needs to be reduced and the trailing edge 

must be thickened for mechanical reasons. This program allows the modification of 

the selected profile. The flow characteristics of the new airfoil can be calculated and 

the new data can be used. The modification of the thickness can be seen in Figure 

3.13. The maximum thickness is reduced from 10 % to 7 % of the chord without 

changing the maximum thickness position. 
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Figure 3.13 Airfoil processing 

 

The trailing edge modification is shown in Figure 3.14. The desired thickness at the 

trailing edge and the blending value are selected. The program automatically generates 

the new form of the profile. In Figure 3.14 the trailing edge thickness is specified as 2 

% of chord. 

 

 
 

Figure 3.14 Airfoil modifying trailing edge thickness 

 

These features are used in the design process of this thesis. Other features of this 

program are used for the wing design. Using the standard airfoil coordinates and flow 

characteristics of them and modification of the selected airfoil are the most important 

features of the program and useful for the thesis.    
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The flow characteristics of some airfoils : 

 

 

NACA 65-010  (symmetrical profile)          

 

 

 

 
 

Figure 3.15 NACA65-010 flow characteristics 
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GOE 387 (Gottingen Institute profile)   

                                      

 

 

 
 

Figure 3.16 GOE 387 flow characteristics 
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3.2.1.3.6. Creating the Blade Geometry 

 

In this thesis, an axial flow pump design procedure is developed. After the preliminary 

calculations, the appropriate main dimensions are chosen. In order to achieve the 

desired head at the specified flow rate with a high efficiency, the airfoil profiles are 

used in the design procedure. The calculation procedure to select the appropriate 

profiles is given in previous sections of the thesis. Three-dimensional geometry of the 

blade is calculated with the help of Microsoft Excel. Some additional macros to select 

the airfoil and perform the calculations easily. Coordinates and the diameters coming 

from the design calculations are used to create the 3D geometry of the blade. In order 

to perform this, solid modeling is suitable. 3D coordinates of the blade sections are 

imported to the Autodesk Inventor. However, this process takes long time. In order to 

import the 3D coordinates to the Inventor easily, additional macros are created. This 

macros significantly drops the design period. Sample blade sections are given in the 

Figure 3.17. The three-dimensional final form of the blade sections are given in the 

Figure 3.18. 

 
Figure 3.17 Sample blade sections 

 

 
Figure 3.18 Three-dimensional blade sections 
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3.2.1.3.7. Variable Pitch Impeller Blades 

 

Generally, pumps are designed as they can operate in a range Qmin<Qbep<Qmax. In 

general, companies give the operational range of their pumps to the customers. 

Sometimes, the system needs to change the pump performance, there are different 

methods such as trimming method, [12]. In practice, trimming is used for radial and 

mixed flow pumps widely. For axial flow pumps trimming method can not be used 

because of the meridional shape of the pump. There is no diameter difference between 

inlet and outlet. Some methods like reducing the blade length are used but these are 

not a practical solution. 

 

In axial flow pumps, variable pitch method is very attractive for the designers and the 

user for obtaining large operational range with high efficiency. The hub and tip of this 

types of impellers are generally spherical type. Hub and blades are manufactured 

separately. Blades are assembled to hub. The spherical geometry allows to rotate the 

impeller blades in the horizontal axis without separated from hub and casing. So, the 

clearance between blades with hub and blades with casing remains constant at all 

positions. The velocity triangles change with this operation. Therefore, the best 

efficiency point changes for different blade positions. Unfortunately, the same 

efficiency can not be obtained of course, at  all position of the impeller. But the results 

are very reasonable to use this kind of method. In literature, about -5 to 5 degrees 

position adjusting is used with confidence. Exceeding these degrees may cause 

efficiency drop because of the impeller itself and inconsistency with the stationary 

diffuser blades.  

 

Too high degrees cause very high blade loading which means that it triggers the 

separations. Frictional losses rises due to high velocities. The NPSHR takes its 

maximum values so the NPSHA has to be checked. These hydraulic changes created 

by the blade adjustments have to be controlled from the mechanical side of the design, 

such as; stresses on the other parts, power effects, etc.  

 

Too low degrees positions which are low flow rate and low head conditions can be 

dangerous from the recirculation point of view. Pressure side cavitations can be 

observed by recirculation and this problem limits operational range for  lower angle 

positions.   

 

The designed pump in this thesis has variable pitch blades. For the variable pitch 

blades design calculations are done considering the spherical geometry of the blades. 

Spherical geometry provides blade position adjustment. The comparison of the 

cylindrical and spherical design geometries are given in Figure 3.19. 
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Figure 3.19a Cylindrical design (fixed blades) 

 

 
 

Figure 3.19b Spherical design (variable pitch blades) 
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An example of variable pitch pump performance is shown in Figure 3.20. With this 

work it is shown that operational range can be arranged about 300 l/s to 400 l/s 

without losing the efficiency significantly. In Table 3.3, the best efficiency points are 

given for this work. 

 

 
 

Figure 3.20 Overall performance curves of the model pump, [13] 

 

 

Table 3.3 Best efficiency points at five blade angles, [13] 
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As can be observed from the results in Figure 3.20 and 3.21, when the stagger angle of 

the impeller is increased the following results are obtained. 

 

 The meridional velocity component increases which means that the pump will 

operate at higher flow rates. 

 

 The tangential component of the absolute velocity at the outlet increases 

which means that the theoretical head increases for the same peripheral 

velocity. 

 

 Because of the best efficiency point of the pump goes to higher flow rates and 

head, the power and the NPSHR of the pump increase.  

 

 The  efficiency value of the pump does not change unless high degree change 

are done.  

 

As a result, the blade adjustment provides large operational range without efficiency 

loss. 

 

3.2.2. Diffuser Design 

 

The diffuser is an important part of the pump. The impeller can not operate without a 

diffuser. It provides to use the energy at the outlet of the impeller with minimal losses. 

 

The main goal of the diffuser is deceleration and guiding the flow exits from the 

impeller blades. Some additional losses coming from the diffuser channels due to 

deceleration of the flow decreases the overall pump efficiencies. Beside of this, the 

diffuser affects the impeller performance, especially, at the partload operation due to 

the interaction with impeller. The fluid velocity at the exit of the impeller is extremely 

high and has a component in circumferential direction. At the diffuser, this velocity is 

decelerated and the circumferential component of the velocity is reduced to zero to get 

a velocity with only axial component at the pump exit. Because any swirl at the pump 

outlet imply additional losses for the system.  

 

If a diffuser is designed as airfoils, good efficiency is obtained, [1]. Due to some 

reasons such as cost and manufacturing difficulties, generally, the diffuser blades are 

designed by using the classical methods. In this thesis, the diffuser is designed with 

unprofiled vanes.  
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Figure 3.21 Diffuser flow 

 

Velocity and flow angle distribution at the diffuser inlet are also afflicted with some 

uncertainties, [1]. From the complicated flow at the hub and shroud, the flow 

separations are dangerous. And this can not be calculated by the inviscid calculations. 

For a good efficiency the diffuser must be optimized carefully. The CFD tool is very 

useful to do this.  

 

The general calculations for the diffuser is explained below: 

 

 The absolute velocities and flow angles at the impeller outlet correspond to 

the values at the diffuser inlet, since radii as well as cross sections are 

constant.  

 

 The number of blades are selected according to the Table 3.4. 

 

Table 3.4 Diffuser blade number selection according to impeller blade number and 

specific speed, [1]. 

 

ns 2.6 to 3.3 3 to 4.4 4.1 to 5.5 >5.5 

zimp 5 6 7 4 3 2 

zdif 

7 8 9 7 5 5 

8 11 10 9 7 7 

9 13 11,12 11 10 9 
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 To limit dynamic blade loading and pressure pulsations a distance of a/c=0.05 

to 0.15 is required between impeller blades and diffuser blades, [1]. This 

distance can be optimized by using CFD.  

 

 To limit the friction losses in the column pipe and the outlet bend, the flow 

velocity in the column pipe at the outlet of the diffuser have to be limited so 

the annular cross section of the diffuser is determined according to this 

limitations, [1]. 

 

 Theoretically the outlet angle is 90
o
 but it is advised  that 94 to 96

o
 

 

 After determining the velocities and angles at the inlet and outlet, the blade 

geometry is determined by the result of the velocity distribution selected for 

the design. The sudden velocity drop should be avoided when selecting the 

velocity distribution.  

 

3.2.3. Inlet and Outlet Elements Design 

 

The Suction Bell Design: 

 

The mechanical function of the suction bell is to support the bearing housing and 

provide a method of attachment for the suction pipe or strainer, [14]. The hydraulic 

purpose of this suction bell is to increase the velocity gradually before impeller inlet. 

The hydraulic passageway of the suction bell is simple. A controlled area change is 

enough for the purpose.  

 

In this thesis, the impeller is designed as spherical geometry. The impeller has hub and 

cap so there is not support at the suction bell.  

 

A conservatively designed high specific speed pump has a suction bell diameter large 

enough so that the inlet velocity is from 1.4 to 1.5 m/s, [14]. The suction bell diameter 

at this design is selected as Ø800 mm. Because of using variable pitch blades the 

maximum flow rate is about 700 l/s which means 1.32 m/s velocity at the inlet of the 

suction bell. The area distribution from inlet to exit of the suction bell is adjusted as 

the velocity increases continuously. 

 

Discharge elements : 

 

Flow rate of the pump determines the discharge elements (discharge column pipe). 

The diameter of the column pipe after diffuser is selected using the flow rate. In this 

thesis, the diffuser exit diameter is selected Ø450 mm. This is appropriate for the 

design operation and the maximum flow rate which means 3.8 m/s and 4.4 m/s 

velocity at the discharge column pipe.  
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3.3. Structural Design of the Axial Flow Pump  

 

3.3.1. Shaft Diameter Selection 

 

Shaft diameter is selected by calculating the shaft stress from torque, Equation (3.35).  

 

3
360000 M

s

torsion

P
d

n
   [cm]                   (3.35) 

 

where, 

 

PM is the transmitted power in H.P,    is the permissible torsion stress in kPa/cm
2
 . 

PM is calculated by multiplying the shaft power with power margin, Table 3.5.  

 

M sP P                      (3.36) 

     

Table 3.5 Power margins for different shaft powers, [15] 

 

PS (kW) 

 Shaft Power   



Power margin 

PS<1.5  <1.5 

1.5<PS<4  <1.4 

4<PS<35  <1.25 

35<PS  <1.15 

 

 

Although the shaft stress from axial load (tensile stress) is significant for vertical 

turbine pumps, it has a small effect for the shaft calculations, [14]. For this reason, the 

Equation (3.35) can be taken the criteria to select the shaft diameter. For lower safety 

factors the more detailed calculations can be done in order to select the shaft diameter. 

 

3.3.2. Axial Thrust 

 

The axial component of the lift forces acting on a blade can be integrated over the 

blade height. The approximate calculation at Equation (3.37) is adequate to predict the 

axial thrust for the axial flow pumps.  

 

 2 2

, (1 to 1.1)
4

x T o iF d d gH


   , [1]                    (3.37) 
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The axial thrust increases at partload of the axial flow pumps which is about the Q-H 

curve characteristics of the axial flow pumps. The safety factor for calculations should 

be selected considering this reason. 

 

3.3.3. Stress in the Blade 

 

The critical part of the blade is the blade section at the hub. The stresses are high at 

this section and the calculations are done for this section. 

 

The stresses in the impeller blade are the bending stress which occurs due to the axial 

thrust and peripheral force caused by the torque and tensile stress which occurs due to 

the centrifugal force. The tensile stress can be neglected in the calculations. 

 

In order to calculate the bending moment, the following calculations are done. 

 

 
Figure 3.22 Moments acting on impeller blade 

 

 

 The moment of the force Fx per blade: 

 

2

3

o i o i
x x

o i

r r r r
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r r

  
  

 
 , [10]                              (3.38) 

 

 

 

 The moment of the centrifugal force per blade: 
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The resultant moment; 

 

cos sx m mM M M in                         (3.40) 

 

The bending stress; 

 

b

M

Z
                       (3.41) 

 

Z is the section modulus in bending of the whole section of the blade at hub or the part 

of the blade section that joins the hub ( e.x. variable pitch blades application). 

 
Figure 3.23 Blade sections at the hub for fixed and separate blades from the hub 

 

The stress at the calculated section is evaluated using the Equation (3.42). 

 

yield

b

S

sf
                        (3.42) 
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3.4. Design Calculations of the Desired Axial Flow Pump 

 

The design parameters of the pump are as follows; 

 

Table 3.6 Design Parameters 

 

Q 500 to 700  l/s 

H 4.2 to 4.8  m 

n 1000 rpm 

 

The designed pump in this thesis will work in the range of given flow rate and head 

values, Table 3.6. The design calculations and selections are done for the average 

value flow rate and head which are 600 l/s and 4.5 m. 

 

The parameters that are used in the design calculations are explained in detail 

previously. The design calculations are done by using the parameters according to the 

procedure given in Figure 3.24. 

 

 

 

 
 

Figure 3.24 Impeller Design Calculations Procedure 

 

Main dimensions are given in Figure 3.25. These dimensions are selected. The blade 

profiles are selected and the angle of attack of the blade sections are calculated. The 

diffuser inlet angles are specified and the full pump model is obtained. 
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Figure 3.25 Meridional view of the axial flow pump 
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The full pump model is analyzed with the help of CFD. By using the results of the 

prepared models, the corrected final design is obtained.  

 

Design calculations of the final design are given in Appendix A.  
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CHAPTER 4 

 

 

 

 

CFD ANALYSES 

 

 

 

 

 

 

4.1. Introduction to CFD 

 

Engineering calculations for the basic flow equations have become to be solved easier 

and faster with the developments in computer technology. 3D Navier-Stokes equations 

solver CFD codes have been developed. Nowadays, CFD is also widely in use for 

designing pumps. With the help of powerful computers, the calculation periods have 

decreased significantly. From the beginning of this design processes, designers have 

wanted to know the insight of the pump. Complex blade geometries and passages 

make this kind of investigations, complicated and expensive for the pumps in real 

conditions.  

 

The usage of CFD codes gives better understanding of internal flow to the designer by 

the numerical experiments in the offices. Different commercial codes are available in 

the market such as Fluent, CFdesign,  CFX, Star-CD, Numeca which can handle 

turbomachinery CFD solutions with modeling features. In this thesis, CFX code is 

used for the improvement of the design and the FLUENT code is used for verifying 

the final design. Analyses are performed using appropriate boundary conditions and 

turbulence models. For the final design the unsteady analyses are performed, too. On 

the other hand, in order to predict the cavitation performance of the pump the 

cavitation analyses are performed using CFX.  

 

The integration of CFD into the design procedure provides to improve the pump 

efficiency. To obtain the performance curves the head and efficiency are calculated 

from the CFD at the specified capacity. Post processing of CFD results, the pressure 

distributions over the blades at different sections can be used for improvements. The 

outputs like streamlines and velocity vectors are very useful to understand the flow 

insight the pump. Using these outputs, designers can optimize impeller and diffuser 

design.  

 

In this thesis, an axial flow pump is designed and CFD calculations are performed. 

The design calculations are given in Chapter 3. By using this design procedure, the 
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main dimensions and the blade geometry are evaluated. The blades are designed as 

airfoils. The selected airfoils are modified to the desired thickness. From this step, the 

pump performance must be checked by CFD to verify the desired design parameters. 

If the pump performance is different than the desired, the selected parameters or the 

selected airfoils are changed.  

 

Design calculations are performed by using Microsoft Office Excel. Excel is the 

simple and useful program for calculations. By using the Visual Basic, some 

additional macros can be created to help the calculations. The blade geometries are 

complex and must be controlled easily. The form of the blade is created in Excel. The 

coordinates of the blade and the meridional view is exported to solid model software. 

The solid models are prepared using Autodesk Inventor. As can be done for Excel, 

additional macro programs can be created for Inventor, too. A macro program is 

created for automatically import the coordinates of the impeller and diffuser 

geometries from Excel. This additional macros facilitates the calculations and solid 

model preparations. Prepared solid models are exported in supported format for the 

CFD software. Even CFD needs the exact geometries of the pump, some 

simplifications can be done. For example, the clearance between the impeller blades 

and the casing can be closed. So, the clearance loss is neglected.  

 

CFD software needs powerful computers. As the computer technology develops, the 

calculation period is decreased for the solutions. Workstations are convenient for this 

type of programs. HP Z800 workstation is used in company. This computer has Intel 

Xeon 3.46 - 12 core processors and 48 GB RAM in 64 bit environment. This machine 

is enough to perform the analyses even at high grid sizes. 

 

4.2. Objectives of Pump CFD analyses 

 

 Calculation the head and efficiencies at the best efficiency point 

 

 Obtaining the performance curve of the pump 

 

 Minimizing the hydraulic losses at the impeller and diffuser channel according 

to the results 

 

 Attaining specific impeller outlet velocity profiles to improve the diffuser 

performance  

 

 Calculation of the hydraulic forces, in particular axial and radial thrust 

 

 Unsteady calculations of the pump 
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 Obtaining the cavitation  performance of the pump, in this manner the NPSHR 

can be found. 

 

4.3. Basics of Navier-Stokes Calculations 

 

The Reynolds Averaged Navier-Stokes Equations are solved by the CFD software. 

The features and limitations must be known in order to perform a CFD calculation. 

 

4.3.1. Turbulence Models 

 

The turbulence model describes the distribution of the Reynolds stresses in the flow 

domain. All turbulence models in use are of an empirical nature. Due to these 

empirical constants may change for flow situations, there is no universally valid 

turbulence model which will yield optimum results for all applications, [1]. It is 

important to select the appropriate turbulence model for the flow cases.  

 

Available turbulence models are: 

 

 k-ε model, 

 

 k-ω model, 

 

 Shear stress transport model (SST), 

 

 Reynolds stress transport model (RSM), 

 

 Large eddy simulation (LES). 

 

The detailed explanations of the turbulence models exceeds the scope of this thesis. 

The recommended model which is k-ε is used in the CFD calculations. Furthermore, 

in order to understand the effect of turbulence modeling the SST calculations are 

compared with the k-ε calculations. 

 

4.3.2. Grid Generation 

 

In the components of the fluid domain, the Navier-Stokes equations are solved 

iteratively by CFD. For this calculations the fluid domain must be divided to small 

cells. The quality of the grids are important for results of the CFD. To obtain reliable 

results the grid sizes must be checked and compared with fine grid sizes. Due to the 

complexity of the pump geometry, the unstructured grids are appropriate for the pump 

CFD analyses. Unstructured grids don not generate continuous grid lines. They have 

tetrahedrons. Unstructured grids are more complex which needs more effort to obtain 
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a quality grid and need more computation time as compared to structured grids. These 

are the disadvantages of this type of grids.  

 

The main goal when obtaining the sufficient grid sizes, the important parts of the fluid 

domain must be fine enough. The impeller geometry and the diffuser geometry need 

high quality grids than the other parts of the solution domain. Impeller and diffuser 

leading and trailing edge grids should be fine enough to obtain reliable results.  

 

4.3.3. Numerical Procedures 

 

To solve the algebraic equations, some algorithms are available such as "SIMPLE" 

(Semi-Implicit Method for Pressure Linked Equations). The various algorithms differ 

in calculation times, convergence and accuracy. Algebraic difference equations 

determine how the physical quantities such as velocity and pressure behave within the 

cells, [1]. Order of the corresponding polynomials are important. These orders are 

first, second and third order truncation error when calculating the physical quantities. 

For first order truncation error, the physical quantities are constant within the cell. For 

second order truncation error, the physical quantities vary linearly. For third order 

truncation error the physical quantities are square functions within a cell.  

 

In pump CFD analyses, the first order truncation errors are not sufficient, [1] The 

influence of grid resolution and order on the calculated efficiency are shown in Figure 

4.1. Higher order of the polynomial is better to obtain reliable results but it affects the 

convergence of the iterations. It needs more time to get converged solutions. The 

convergence criteria is the residuals. 

 

The residuals indicate how far an obtained solution is from exactly fulfilling the 

discretized equations of conservation of mass and momentum, [1].  
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Figure 4.1 The influence of grid resolution and order on the calculated efficiency, [1] 

 

4.3.4. Boundary Conditions 

 

Generally, the mass flow rate is specified for inlet and the pressure is specified at the 

outlet. When calculating cavitation phenomena, the pressure at the inlet and the mass 

flow rate at the outlet are specified.  

 

Turbulence level and the length scale must be defined at the inlet boundary. The 

length scale of the turbulence can be selected as 1 to 10 % of the hydraulic diameter, 

the blade height or the impeller inlet diameter. The higher the length scale, the more 

intense is the exchange of momentum perpendicular to the main flow direction. The 

turbulence level in pumps is relatively high, for example 5 % at the impeller inlet and 

10 % at the diffuser inlet, [1].  

 

Periodic boundary conditions are used for minimizing the grids. This type of boundary 

conditions decrease the computation time significantly. Only one impeller and diffuser 

passage geometry are used for the calculation. 

 

4.3.5. Steady-State Calculations of Pumps 

 

Steady calculations are needed due to high computational effort of the unsteady 

calculations. The reliable results can be achieved by steady approaches. Mixing Plane 

and Multiple Reference Frame (Frozen Rotor) methods are the best known methods 

that are used for full pump CFD analyses. 
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Both the Multiple Reference Frame and Mixing Plane models assume that the flow 

field is steady, with the rotor-stator or impeller-baffle effects being accounted for by 

approximate means. These can be acceptable models in cases where the rotor-stator 

interaction is weak or an approximate solution for the system desired, [16]. 

 

The Multiple Reference Frame model is the simplest method. It is a steady-state 

approximation in which individual cell zones move at different rotational speeds, [16]. 

The Multiple Reference Frame model can be used for a turbomachinery application in 

which rotor-stator interaction is relatively weak, [16]. In this method, the calculated 

performance depends on the rotor and stator positions. To control the obtained result, 

several rotor and stator positions can be calculated.  

 

Mixing Plane is introduced between impeller and collector where circumferentially 

averaged velocity and pressure profiles are used at the diffuser inlet. The non-

uniformities between front and rear shroud are thus taken into account by the 

calculation, [1]. 

 

While a mixing plane calculation would be preferred, it is often abandoned in favor of 

the frozen rotor concept because of convergence problems which are due to the small 

rotor-stator clearance used in diffuser pumps, [1]. 

 

Because of the strong pressure variation over the circumference, the results of off-

design calculations of  pumps are doubtful and convergence may be difficult for both 

the mixing plane and the frozen rotor approach, [1]. 

 

Several works have been done on steady calculations. In all works, it is reported that 

near the best efficiency point the results of CFD and the tests agreed. At partload and 

high flow rates the results are questionable. So, the stability characteristics of the 

pump Q-H curve cannot be captured well by steady methods. 

 

4.3.6. Unsteady Calculations of Pumps 

 

The flow in pumps is fundamentally unsteady because of the rotor-stator interaction. 

In order to obtain reliable results, the unsteady calculations have to be performed by 

CFD after the steady calculations. While improving the pump performance the 

unsteady calculations are not feasible due to high computing time. 

 

The Sliding Mesh method is the fully unsteady method. By a few revolutions a 

converged solution can be obtained with this method. The overall performance of the 

pump is determined by averaging results of the last one impeller revolution. 
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4.3.7. Cavitation Analyses 

 

The main goal of the cavitation analyses is to predict the NPSHR value. While 

obtaining this, the cavitation inception, cavity length and the head drop can be 

determined. In order to predict the cavitation performance of the pump, there are some 

special models in CFD codes. For a cavitation analyses the boundary conditions for 

inlet and outlet are changed. For inlet boundary the absolute pressure must be 

assigned. For the outlet boundary, the mass flow rate is specified. For a specified 

pressure at the inlet the head is calculated at each analyses and than the sigma versus 

head graph is plotted. From that graph the cavitation inception and the NPSHR value 

can be determined. An example of this graph is given in Figure 4.2.  

 
Figure 4.2 The sigma versus head, [17] 

 

4.3.8 Checking Convergence 

 

In order to obtain a true result, the residuals of local quantities should be below 10
-4

 

and residuals of RMS-values nor exceed 10
-5

. The grid quality, order of the solution 

and the physically meaningless boundary conditions affects the convergence. For 

unsteady calculations, the time step selection is important for convergence. 
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4.3.9. Limitations of CFD 

 

In order to obtain a reliable result from CFD, it is important to known the limitation of 

CFD. The main errors that affects the solution are listed below. 

 

 Numerical Errors :  

 

The numerical error of a CFD calculation is the difference between the exact solution 

of the differential equation and the actual solution obtained, [1]. The discretization 

errors and the solution errors are the numerical errors. When the exact solution of the 

differential equation is different from the exact solution of the discretized equation, 

the discretization errors occur. When the exact solution of the discretized equation is 

different from the actual solution, the solution errors which cause convergence 

problems occur. Increasing the number of grid point decreases the numerical errors 

which need more powerful computers. In order to obtain reliable results, the mesh 

have to be improved until a mesh independent solution is obtained.   

 

 Modeling Errors :  

 

The turbulence characteristics of the flow, the true geometry of the cast impeller and 

diffuser and the roughness are the main unknown for a CFD problem. Some physical 

models are developed to capture the real flow but because of the unknown parameters 

mentioned above are dominant on the results of the CFD.  

 

 Simplifications :  

 

The limited computer power compelled to make some simplifications on the geometry 

of CFD model. The simplification on the small geometries that affects the results can 

cause to obtain different results than the real.  

 

The influence of the number of elements on the hydraulic impeller efficiency is shown 

in Figure 4.3. 

 
Figure 4.3 The influence of the number of elements on the hydraulic impeller 

efficiency, [1] 
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4.4. Integration of CFD into the Design of the Pump 

 

In order to evaluate the designed pump before the manufacturing, CFD integrated 

design procedure is used. The CFD integration is given in Figure 4.4. 

 

The parameters that should be changed in order to reach the desired performance 

values can be decided by using the CFD results. CFD integration is important at this 

point. Furthermore, it provides to understand the flow inside the pump and gives 

experience for future works to attain high efficiencies. 

 

 
 

Figure 4.4 CFD integrated design 
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4.5. Application of CFD and Evaluation of The Results 

 

CFD analyses are performed with the help of the information given in previous 

sections. First of all, the models are imported to the ANSYS Geometry. There are 5 

fluid volumes at the domain which are inlet, suction, rotor, stator, outlet volumes. The 

simplifications for the geometries are done with the Autodesk Inventor so the models 

at the ANSYS Geometry is used as the imported form. In Figure 4.5 the fluid volumes 

are given. 

 

 

 
 

Figure 4.5 Fluid Volumes 

 

For the mesh and solving the name of the boundaries are important. For example, for 

inlet and outlet names must be entered to the relevant boundaries in order to specify 

the inlet and outlet conditions or the blades at the rotor volume in order to calculate 

the torque at the blades. This "name selection" part of the software is very useful. As 

the names are given correctly, the meshing and analyses of the second model can be 

done easily.  

 

Meshing for the domain is done with ANSYS Mesh. In order to obtain true results the 

meshing must be done carefully. The Workstation used for the analyses is adequate to 

solve the mesh with high number of elements. So, 6 million elements are sufficient for 

the calculations. It has 1.6 million nodes. The rotor and stator grid  quality are higher 

than other parts of the domain. 

 

The "Inflation" is important for boundary layer flow. 7 layer boundary layer mesh is 

done for the wall boundaries. 
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Figure 4.6 Mesh 

 

 
 

Figure 4.7 Inflation 
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After this step, the model is analyzed with the CFD codes. In this thesis the CFX and 

Fluent programs are used. CFX uses finite element method and Fluent uses finite 

volume method. The procedure of the CFX analyses are given below. 

 

The mesh is used by the "Solver". At this step, boundary conditions, analysis type, 

turbulence models are specified. 

 

Inlet and outlet boundary conditions are assigned. For inlet, "mass flow inlet" 

boundary condition is given. For outlet, "static pressure" boundary condition is given. 

 

The rotating part is rotor. The rotor volume assigned as "rotating". The rotating walls 

of the rotor are hub and blades. The shroud is assigned as "counter rotating" because 

of the open-type of the impeller geometry. 

 

The types of the analysis are steady state and transient. For comparison analyses, the 

steady state calculation which is the "Frozen Rotor" method is performed. For the 

unsteady calculations the "Sliding Mesh" is used. 

 

K-ε modeling is used for the calculations. To understand the effect of turbulence 

modeling, Shear Stress Transport turbulence modeling is compared with the k-ε 

model. 

 

 
 

Figure 4.8 The model at the CFX 

 

For convergence, when all the residuals drops below the 5x10
-6

 , the analysis stops. 

The residuals can be seen from the Figure 4.9. The results don't have to change at last 
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iterations. To see the change of pressure and torque value by iteration, the monitors 

should be created at the planes. It can be seen from Figure 4.10.  

 

 
 

Figure 4.9 Convergence - Residuals 

 

 
 

Figure 4.10 Convergence - Monitors 
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The results of the converged solution are evaluated. The head and efficiency at the 

given flow rate are calculated from the CFD results. The sum of torque from the 

blades and rotor hub is calculated. Head is calculated using Bernoulli equation. It is 

written from inlet to outlet. The mass weighted average total pressure values are taken 

from inlet and outlet. 

 

 
 

Figure 4.11 Performance calculation 
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Hydraulic Efficiency : 
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                      (4.3) 

 

Pump Efficiency : 

 

p h v m                                (4.4) 

 

 

Evaluation of the Results : 

 

The obtained results from the CFD are evaluated. The criteria for this : 

 

 The best efficiency flow rate of the design must be at the desired design flow 

rate with satisfying the desired head.  

 

 The efficient design is selected as the final design. 

 

4.6. CFD Analyses of the Designed Pump 

 

4.6.1. Obtaining the Final Design 

 

The CFD analyses are performed in order to design the pump which operates at the 

given design parameters with higher efficiency. For this purpose several design 

changes must be done to the inappropriate design at the design calculation and 

selection step. So, the design is improved. 

 

The main dimensions of the meridional view are decided. The hub-to-tip ratio, solidity 

and the number of blades are specified. The blade profiles are chosen with this 

parameters.  

 

In this thesis, the effect of blade profiles is investigated. The main design is divided 

into major two cases which are DESIGN-A and DESIGN-B.  

 

At DESIGN-A, the RITZ profile is used for the blade profile. At DESIGN-B, the 

NACA profile is used for the blade profile. The angle of attack values of the blade 

sections are calculated with the characteristics of selected profiles which are taken 

from a software. 

 

The effect of spherical geometry and the blade blockage are important for the axial 

flow pumps. Because, a small deviation at the blade angle creates significant 
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differences at the head and power consumption of the pump. In order to design the 

pump at the desired flow rate and head, the CFD application should be done carefully 

and the results should be evaluated. According to the results the appropriate design 

changes must be done. The corrected forms of the DESIGN-A and DESIGN-B are 

called as DESIGN-A-COR and DESIGN-B-COR. 

 

The main comparison is done by using CFX with steady-state analyses and the pump 

is decided as final design. Furthermore, some investigations are done on the several 

different analyses of the final design for verification.  

 

 Frozen Rotor calculations are done with the k-ε turbulence model. The results 

are compared and the design changes are done. After finding the best design, 

the analyses are done again with a different turbulence model which is Shear 

Stress Transport model.  

 The final design is analyzed with unsteady calculation Sliding Mesh. So, the 

effect of rotor-stator interaction and the steady state pump analyses are 

compared. 

 

 Another CFD software Fluent is used. The same Frozen Rotor calculations are 

done with the Fluent. By this comparison, the results of pump model decided 

as final design are verified by another software. 

 

 The effect of surface roughness is investigated. 

 

 The variable pitch pump is analyzed at the three blade positions. The 

performance change is obtained. 

 

4.6.1.1. DESIGN-A Results 

 

The profile of RITZ 3-30-10 which is a non-symmetrical profile is used. The ratio of 

the lift coefficient to drag coefficient of this profile is high which is more than 100. 

The maximum thickness position of the profile is at 30 % of the chord length. The 

angle of attack values of the sections are calculated and used in the design 

calculations. The pump model is prepared with using this profile. 

 

At the beginning of the design process, the meridional velocity is taken without 

considering the blockage of the blades. So, the approach flow angle is calculated as 

the minimum.  
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Figure 4.12 CFD results of DESIGN-A 

 

In order to obtain the desired performance the meridional velocity corrections are 

done. Because, without considering the blockage of the blades the performance is 

obtained lower than the desired. The flow rate and the head at the maximum efficiency 

point are lower. Calculations for increased meridional velocity means that obtaining 

high blade angles which provides higher flow rate and the higher head. This 

corrections must be done for the unknown mean blockage. CFD plays an important 

role at this step. 

 

Results of the models analyzed for obtaining the corrected design are given in Figure 

4.12. At the figure, the tolerances for the flow rate and the head are given for 

information. The tolerances for the flow rate is ± 8 % and the head is ± 5 %. 

 

The results of four designs are given. Efficiencies of the four designs are 

approximately same. At the first design (DESIGN-A1), the calculations are done 

without considering the blockage of the blades. This approximation makes the 

meridional velocity lower at the calculation. This results the lower blade stagger angle. 

It is seen from the CFD result of the first design that the flow rate and the head are not 

enough for the design point. At the best efficiency point, the flow rate is about 10 % 

and the head is about 12 % lower than the desired design parameters.  

 

For this reason, the second design calculations are done with maximum blockage to 

find the maximum flow rate and the head. The maximum blockage is at the maximum 

thickness position of the blade. According to the CFD results of the second design 
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(DESIGN-A2), the flow rate and head are very high from the design point. At the best 

efficiency point, the flow rate is about 6 % and the head is about 8 % higher than the 

desired design parameters. 

 

As it is discussed at the previous section, the correction for the meridional velocity 

must be done. Meridinoal velocity is decreased with a correction factor. This 

correction brings the DESIGN-A3 and DESIGN-A4.  

 

At the DESIGN-A3, the meridional velocity is decreased with a factor of 0.985 and 

the DESIGN-A4 the meridional velocity is decreased with a factor of 0.97. At the best 

efficiency  point of the DESIGN-A3, the flow rate is about 3.5 % and the head is 

about 4 % higher than the desired design parameters. At the best efficiency point of 

the DESIGN-A4, the flow rate is the same with the desired flow rate but the head is 

about 1 % lower.  

 

The fourth design is selected as the final design of the DESIGN-A.  

 

The final design is called as the DESIGN-A-COR. 

 

4.6.1.2. DESIGN-B Results 

 

The same procedure is performed for the DESIGN-B. The NACA 65-010 profile 

which is a symmetrical profile is used and the angle of attack values of the blade 

sections are calculated. This profile has the maximum thickness position of 40 % of 

the chord length. 

 

In order to obtain the desired performance with the DESIGN-B, the corrections at the 

calculations are done as performed for the DESIGN-A. 

 

The comparison of the results of DESIGN-B-COR and DESIGN-A-COR is given in 

Figure 4.13. 
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Figure 4.13 Comparison of DESIGN-A-COR and DESIGN-B-COR 

 

The performance curves of both of the designs ensure the desired design point. The 

efficiency of the DESIGN-A-COR is higher than the DESIGN-B-COR. The difference 

at the efficiency is about 4 % at the best efficiency point of the two designs. DESIGN-

B-COR has the head of about 1 % higher than the DESIGN-A-COR. 

 

The efficient design is selected as the final design which is DESIGN-A-COR. It can 

be said that the RITZ profile is appropriate for this study.  

 

In order to understand the flow inside the two designs. The "Post-Processing" of the 

CFD tool must be used.  

 

Blade to blade streamlines at the 10 % , 70 % and 90 % of the span for Qbep of the    

DESIGN-A-COR and DESIGN-B-COR are given in Figure 4.14 to 4.17. 
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DESIGN-A-COR - 70 % of Span  

 

 

DESIGN-B-COR - 70 % of Span 

 

 
 

 

 
 

 

Figure 4.14 Streamlines at the 70 % of the span for Qbep 
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DESIGN-A-COR - 90 % of Span  

 

 

DESIGN-B-COR - 90 % of Span 

 

 

 

 
 

 

Figure 4.15 Streamlines at the 90 % of the span for Qbep 
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DESIGN-A-COR - 10 % of Span  

 

 

DESIGN-B-COR - 10 % of Span  

 

 

 
 

 

 
 

 

Figure 4.16 Streamlines at the 10 % of the span for Qbep 

 

At the both of the designs, there is a problem at the diffuser channel near the hub 

region. The separations are seen behind the diffuser blades. It can be said that the 

intensity of the separations are higher at the DESIGN-B-COR. This separations 

decrease the efficiency of the pump. 

 

In Figure 4.17, the total pressure variation from impeller inlet to diffuser outlet is 

given. 
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DESIGN-A-COR 

 

 

 
DESIGN-B-COR 

 

 

Figure 4.17 Total pressure variation from suction to diffuser outlet at the Qbep 

 

According to Figure 4.17, the total pressure is increasing at the impeller region and 

decreasing at the diffuser. At the hub, there is a problematic region at the both of the 

designs. The huge part of the efficiency is lost at the hub of the impeller and the 

diffuser. 

 

The blade loading charts of the two designs are given in Figure 4.18 to 4.20. The 

pressure distributions over the blade sections can be seen from these figures.  
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DESIGN-A-COR - 90 % of Span 

 
DESIGN-B-COR- 90 % of Span 

 
 

Figure 4.18 Pressure distribution over the blade section at 90 % of span 
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DESIGN-A-COR- 70 % of Span 

 
DESIGN-B-COR- 70 % of Span 

 
 

Figure 4.19 Pressure distribution over the blade section at 70 % of span 
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DESIGN-A-COR- 10 % of Span 

 
DESIGN-B-COR- 10 % of Span 

 
 

Figure 4.20 Pressure distribution over the blade section at 10 % of span 
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The blade loading chart is very useful to understand the pressure distribution over the 

blades. Approximately the same pressure difference is obtained from the DESIGN-A-

COR and DESIGN-B-COR. But, it is clearly seen that the DESIGN-B-COR has very 

low pressure minimum values at the leading edge of the blades. This means that the 

velocity at the leading edge of the DESIGN-B-COR is very high. This is dangerous 

from the cavitation point of view. So, regardless of the efficiency the DESIGN-B-

COR is not appropriate for the designed pump in this thesis. Because, cavitation is 

very important design limitation. 

 

 
DESIGN-A-COR 

 
DESIGN-B-COR 

 

Figure 4.21 Velocity vectors at the impeller blades for Qbep 
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In Figure 4.21, the velocity vectors at the impeller blades for the Qbep are seen. As 

discussed above, the velocity is high at the leading edge of the DESIGN-B-COR.  

 

4.6.1.3. Investigations on the Final Design Analyses 

 

Both of the designs ensure the desired performance. The efficient design must be 

selected which is DESIGN-A-COR. Some investigations are done on this final design. 

In order to verify the CFD analyses, the comparisons which are given below are done. 

 

 Analyses by using SST turbulence model 

 

The effect of turbulence modeling is investigated. SST turbulence model is selected 

and the analyses are done for the final design. Results are given in Figure 4.22. 

 

 
 

Figure 4.22 Comparison of turbulence models 

 

For the SST, the calculated head is lower and the efficiency is higher than the k-ε 

results at the same boundary conditions. But, the differences are very small which is 

less than 1 % at the best efficiency point. So, the analyses can continue with the k-ε 

model.  

 

For a best efficiency point, there is not a significant difference on the performance. 

But, at the partload especially at the low flow rates this difference may arise due to the 

complexity of the flow over the blades. At the overload, the difference at the head and 

the efficiency arise, too. 
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 Transient analyses 

 

After understanding the effect of turbulence modeling, another parameter that has to 

be checked is the time dependent analyses.  

 

In this thesis, the analyses are done with steady state calculations but the final design 

is decided according to the results of the unsteady calculations. Because, the more 

realistic results can be obtained by only unsteady calculations of the pump analyses.  

 

The time dependent analyses take more calculation time than the steady-state analyses. 

Transient analyses are not used in the design step. Because, these types of analyses are 

not convenient for the pump analyses because of the high computational effort. So, 

only the final design is analyzed with the transient calculations. The "Sliding Mesh" 

technique is used in CFX. Total time and the time step which is selected as the 2 

degrees of revolution are specified. For the interfaces, "transient rotor stator" is 

selected. By this selection, fully unsteady flow can be captured. In order to understand 

the unsteady rotor-stator interaction this types of analyses must be performed for final 

designs. 

 

 
 

Figure 4.23 Convergence of torque at unsteady analysis 
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For a time dependent analysis the torque and the pressure difference have fluctuations 

with the time step due to unsteady rotor-stator interaction. So, when evaluating the 

results of unsteady calculations the average values of the results at the last revolution 

can be taken. The variation of torque on blades with the time step is given in Figure 

4.23. 

 

The steady state analyses results are used as the initial condition of the unsteady 

calculations. The unsteady URANS (Unsteady Reynolds Averaged Navier-Stokes) 

calculations are done just for the best efficiency point. Analyses are done at the same 

turbulence model which is  k-ε. The comparison is given in Figure 4.24. 

 

 
 

Figure 4.24 Comparison of steady and unsteady calculations at the best efficiency 

point 

 

According to the result of the analysis that is performed for the best efficiency point, 

the calculated head and the efficiency are higher than the steady state calculation. The 

differences are about 5 % for the head and 2 % for the efficiency.  

 

As seen from the comparison at Figure 4.24, the design point is at the middle of the 

transient result and steady state results.  
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 Fluent Analyses 

 

Fluent is the most commonly used CFD tool as CFX. Fluent uses finite volume 

method. In order to check the results of the CFX, the comparison is done with the 

Fluent results. Same procedure is used for the Fluent. The analysis type is specified as 

steady state. The rotating part which is the impeller volume is specified and the 

revolution speed is given. The rotating boundaries which are blades and the hub are 

specified. Same boundary conditions with the CFX are used. Mass flow rate inlet and 

the pressure outlet is specified. The SIMPLE algorithm with the Second Order 

Upwind scheme is used. The convergence monitor of the outlet pressure is given in 

Figure 4.25. 

 

 
Figure 4.25 The convergence of the outlet pressure 

 

The comparison of the CFX and Fluent results are given in Figure 4.26. 

 
Figure 4.26 Comparison of CFX and Fluent results 
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It is seen that by using the same mesh, same boundary conditions and the same 

turbulence models the CFX and the Fluent found approximately same performance 

results. The difference is less than 0.5 % at the head and the efficiency. This 

verification is enough for the thesis. Further investigations can be done for  both of the 

software but this investigations are not in scope of the thesis. 

 

This two software verification is important to manufacture the pump with confidence 

by using the results of one of them.  

 

 Effect of surface roughness 

 

Roughness is important for the pumps. It effects the frictional losses. For this purpose 

the effect of surface roughness is tried to be investigated. Only the best efficiency 

point of the final design is analyzed. The surface roughness height must be assigned to 

the software. The surface roughness heights of 25, 50 and the 100 μm are investigated. 

Results are given in Figure 4.27. 

 

The analyses are performed by assigning the roughness heights to the boundaries at 

the suction, impeller and the diffuser. Because, by this investigation only effect of 

roughness heights at the suction, impeller and the diffuser channels are considered. 

The losses at the inlet and the outlet walls due to frictional effects of the roughness are 

neglected. 

 

 
 

Figure 4.27 Effect of surface roughness on performance of the pump 
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As the surface roughness height increase, the efficiency and the head of the pump 

decrease. It can be said that the roughness is very important for the axial flow pumps. 

The efficiency drops dramatically by the increase of surface roughness height. At the 

100 μm, efficiency drops 7 % and head drops 8 %. 

 

 Analyses of the different blade positions 

 

In this thesis, the designed pump has variable pitch blades which provide large 

operational range. Several blade positions can be adjusted. The reference position is 

defined as the 0 degrees position which is the position of the designed and analyzed 

position before.  The +4 and the -4 degrees are investigated. The new positions of the 

blades are adjusted at the solid modeling. Pump model is imported into the ANSYS 

and the same analysis procedure is applied. Results are given in Figure 4.28.  

 

 
 

Figure 4.28 Comparison of the three blade positions 

 

It is seen from the CFD analyses that the efficiency of the pump can be accepted as the 

same when the blade position changes with the range of ±4 degrees. The performance 

of the pump changes approximately at the flow rate of ±16 % and the head of ±10 % 

with the ±4 degrees change of blade position. This means that CFD can be used for 

predicting the new performance of the pump with the blade position change. 

 

By using the CFD integrated design calculations,  the desired operational range of 500 

to 700 l/s for  flow rate and 4.2 to 4.8 m for head are  obtained. This pump can be used 

at this large operational range. 
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4.6.2. Cavitation Analyses of the Final Design 

 

The cavitation performance of the designed pump is obtained by using CFX, too. CFX 

provides to capture the vapor volumes  for cavitating flow at the impeller suction side. 

The cavitation prediction is important. When the pump begins to cavitate the 

performance changes significantly. To avoid this problem the NPSHA of the pump 

should be decided as higher values than NPSHR. With the help of CFD the NPSHR of 

the axial flow pump can be predicted as the performance characteristic.  

 

The cavitation analyses are done with impeller alone model. There is no need to use 

the full pump model for the cavitation analyses.  

 

K-ε turbulence model is used and the analyses are done with Frozen Rotor technique.   

 

When the static pressure drops the vapor pressure the pump starts to cavitate. For this 

reason, in order to get the performance values at the specified NPSH the static 

pressure at the outlet should be specified correctly. For the inlet, the mass flow rate 

boundary condition is specified. The analyses are performed for the best efficiency 

point so, the mass flow rate at that point is specified.  

 

 
 

Figure 4.29 Cavitation results 

 



 95 

Analyses are done with two-phase homogenous cavitation model using the Rayleigh-

Plesset equation. The NPSH versus head variation is very useful to obtain the NPSH 

required of the pump. For three blade positions the plots are obtained. So, the variation 

of NPSH with the head is obtained. The analyses results are given in Figure 4.29. In 

Figure 4.29 the head of the 0 degrees blade position is taken as the reference head. The 

best efficiency flow rate of the 0 degrees blade position is the reference flow rate. So, 

the three different cases are investigated. 

 

Same trend for three cases is obtained. NPSHR is defined as the three-percent head 

drop. It is observed that the NPSHR of the pump increases with the increase of flow 

rate. Before the three percent head drop happens at the NPSH versus H curve, it is 

seen that the head increases with the decreasing NPSH. It takes the maximum value at 

a certain value and than drops sharply.  

 

Cavitation is a limiting factor for the blade position. So, the NPSH available must be 

sufficient for the maximum flow rate. In Figure 4.30 the vapor-volume fraction at the 

suction side of the impeller is given.  From this figure the development of the vapor 

bubbles at the impeller suction side can be seen and the region where the cavitation 

damage occurs can be predicted.  

 

 
NPSH = 35 m 

 
NPSH = 25 m 

 
NPSH = 19 m 

 
NPSH = 15 m 

 

Figure 4.30 Vapor-volume fraction for +4 degrees blade positions 
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NPSH = 10.1 m 

 
NPSH = 8.8 m 

 
NPSH = 8.5 m (NPSHR - 3 % head drop) 

 
NPSH = 8 m 

 

Figure 4.30 Vapor-volume fraction for +4 degrees blade positions (continued) 

 

In Figure 4.30, 8.5 m is the NPSHR value for the +4 degrees blade position. After the 

NPSHR value, the breakdown occurs and the cavitation damage extends from middle 

to the rear of the suction side of the blades. The cavitation inception point is important 

for some cases. By using these analyses the cavitation inception point can be 

predicted, too.  

 

The cavitation bubbles are concentrated at the tip of the suction side of the blades. The 

flow inside the axial flow pumps becomes more complicated after the cavitation 

occurs. The cavitation characteristic of the axial flow pumps is different than the other 

types of pumps. It is thought that the difference is about the high recirculation 

intensity of the axial flow pumps.  

 

For a good cavitation characteristic the blade sections should be selected very 

carefully. The maximum thickness position of the airfoils plays important role at this 

point. The cavitation check can be performed with the CFD models.  

 

But, in order to verify the cavitation results of the CFD, the experimental tests must be 

done. In this thesis, the experimental cavitation tests didn't performed.  
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CHAPTER 5 

 

 

 

 

SOLID MODELS PREPARATION AND MANUFACTURING OF THE PUMP 

 

 

 

 

 

 

5.1. Solid Models of the Designed Pump 

 

Solid models of the designed pump are prepared with Autodesk Inventor. Creating the 

blade geometries and the designing the other parts are done. Pump parts are as 

follows: 

 

 Blade 

 

 Hub 

 

 Cap  

 

 Diffuser 

 

 Suction Bell 

 

Blades are connected to hub separately. For each blade, two contra nut, one pin and 

one washer are used. Pins are used to adjust the blade position. There are 5 position 

which are +4, +2, 0 , -2, -4 degrees. The zero position is the design point. The 

positioning is given in Figure 5.4. 
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Figure 5.1 Impeller parts 

 

 

 
 

Figure 5.2 Solid model of the impeller assembly 
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Figure 5.3 Solid model of the pump assembly 

 

 
 

Figure 5.4 Changing the blade position 
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5.2. Manufacturing  

 

After the final form of the axial flow pump designed, the "Manufacturing Department" 

starts to manufacturing processes. The impeller, diffuser and the suction bell are 

obtained by casting method. The cores, core boxes, impeller model, bowl model an 

suction bell model are prepared. CAM (Computer Aided Machining) is used to obtain 

the core boxes.  

 

 
 

Figure 5.5 Wooden models of the blades 
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Figure 5.6 Core boxes and models of the hub and cap 

 

 
 

Figure 5.7 Blades after casting 
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Figure 5.8 Dimension control of the blade after machining 

 

 
 

Figure 5.9 Machining of the hub 
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Figure 5.10 Blades 

 

 
 

Figure 5.11 Impeller assembly 
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Figure 5.12 Pump parts ; diffuser, suction bell, impeller and shaft 

 

 
 

Figure 5.13 Assembling 
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CHAPTER 6 

 

 

 

 

THE EXPERIMENTAL SETUP AND THE PERFORMANCE TESTS 

 

 

 

 

 

 

6.1. Test Stand and Setup 

 

The designed axial flow pump is tested in Layne Bowler Pumps. The test standard is 

TS EN ISO 9906  which is "Rotodynamic Pumps - Hydraulic Performance 

Acceptance Tests". This test stand is accredited by Turkish Standards Institution in 

accordance to TS EN ISO 17025 standard which is "General Requirements for the 

Competence of Testing and Calibration Laboratories" 

 

In this test stand, Figure 6.1, pumps can be tested up to 1000 l/s capacity. There are 

several lines for different capacities. At all discharge lines, there are electromagnetic 

flowmeters. For large capacities, the DN450 discharge line is used. This line is 

appropriate for the test of the designed axial flow pump. Electric controlled actuators 

regulates the butterfly valves. This valves are controlled easily at the test room.  

 

Manometers and pressure transducers are used for pressure measurements. 

Appropriate manometer and transducer are selected for the pump.  

 

The electrical panel capacity is 315 kW. Pump motor is connected to the related 

electrical board considering the nominal power of the motor. The consumed power is 

read from the energy analyzer. Voltage, current, phase factor and total power 

consumption are read from this analyzer.  

 

Rotational speed of the motor is measured with an optical tachometer.  

 

While the pump is working, the water level changes by the flow rate. Using a 

transducer inside the well, the water level is measured from the ground. This 

measurement allows to calculate the geometric height between the pressure measuring 

device and the water level, automatically.  

 



 106 

The measurements are collected in a computer. Pressure, flow rate and power 

measurements are can be seen from this computer instantaneously. The software can 

make the calculations and the pump performance is evaluated.  

 

Pump assembly is positioned in front of the valve with the help of the crane. One of 

the large capacity pump test is seen from Figure 6.2. 0-2 bar pressure transducer is 

connected to the pump discharge column pipe for the low head pump tests. The motor 

used for the designed pump test is 75 kW V1 motor which has 1000 rpm rotational 

speed.  
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6.2. Performance Test Procedure and Data Processing 

 

The test procedure is applied as follows. 

 

1. Pump is assembled and installed to the discharge line. 

2. Motor connections are done by electric technician to suitable board on the 

electrical panel and thermic relay adjustment is done. 

3. Manometers or/and pressure transducers are installed on the pressure collector 

regarding the pump head at the closed valve. 

4. Gate valve of the appropriate discharge line is opened and others are closed at 

the outside of the test stand. (Capacity of the flowmeter is compared with flow 

rate of the pump at the open valve when selecting the discharge line.) 

5. Pressure hose is assembled to the column pipe. 

6. All of the emergency stop buttons and switches are opened on the electrical 

panel and controlling panel. 

7. All of the electrical controlled butterfly valves are closed. The valve which is 

in front of the pump is opened with a rate of ¼. 

8. Sense of rotation of the motor is controlled for a short moment. 

9. If sense of rotation is correct motor is started again otherwise power 

connections are corrected. 

10. Air which can be stuck at the end of the pressure collector is removed with the 

small valve. 

11. Valve position is changed with joystick to get the full performance 

characteristics. 

12. Pressure, flow rate, geometric height, power and axial thrust data are collected 

for every valve position after the steady state is reached. 

13. Oscillations on the monitored values, noise and vibration are observed with 

great attention and safety regulations are followed strictly during the test. 

(Pump should be stopped in the presence of any abnormal situation) 

14. Motor is stopped after sufficient data is acquired and pump is disassembled.  

 

Head calculation and efficiency calculations are in the concept of data processing. 

According to Bernoulli equation, the head is calculated. Equation is written between 

static water level and pressure measurement location. The static, dynamic and 

geometric head are calculated. The velocity at the pressure measurement location is 

calculated by using the flow rate and cross sectional area. The calculation for the 

efficiency is done with using flow rate, calculated total head and power consumption.  
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Figure 6.2 Test Setup 

 

The head is calculated according to Equation (6.1). 
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z1 changes by flow rate and z2 is constant. 

 

The efficiency is calculated according to Equation (6.3). 
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 110 

 
 

Figure 6.3 A large capacity pump test 

 

 
 

Figure 6.4 Discharge lines 
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6.3. Experimental Test Results 

 

The performance tests of the pump are done for 3 blade positions which are +4, 0 , -4 

degrees positions. The results of the tests are given in Figure 6.5. These results are 

compared with the CFD studies at the Chapter 7.  

 

The tests are performed using a 75 kW, 1000 rpm V1 type motor. According to the 

results, the reference position which is the 0 degrees blade position satisfies the design 

point with the tolerances given in standard, [19].  

 

The tolerances are given as ±8 % for the flow rate and ±5 % for the head of the design 

point.  

 

By adjusting the blades ±4 degrees, it is seen that the pump performance is in the 

range of 500-700 l/s which is quite large operational range without efficiency drop. 

 

 
 

Figure 6.5 Experimental test results of the three blade positions 

 

The efficiency of the pump is not significantly effected from the blade adjustment in 

the range of ±4 degrees. Less than 1 % difference for the maximum efficiencies of the 

three blade positions is obtained.  
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CHAPTER 7 

 

 

 

 

DISCUSSION AND CONCLUSION 

 

 

 

 

 

 

7.1. Results and Discussion 

 

The CFD and experimental test results of the designed pump are evaluated separately 

at the previous chapters. In this section the comparison of the CFD and the 

experimental results are discussed.  

 

Several design improvements are done in order to obtain the efficient design. CFD is 

integrated into the design procedure and the final design is decided according to the 

results of the CFD studies. Analyses are performed by using CFX. 

 

The evaluated CFD studies are given below : 

 

 The steady-state analyses for obtaining the final design, 

 

 The effect of turbulence modeling,  

 

 The effect of unsteady pump analyses, 

 

 Using second CFD program Fluent, 

 

 Effect of surface roughness, 

 

 Analyses of the three blade positions, 

 

 Cavitation analyses 

 

 

The experimental performance tests are performed at the laboratory of Layne Bowler 

Pumps. The three blade positions are tested with using an appropriate electrical motor.  

 

 



 114 

Comparison of the CFD and experimental test results : 

 

The comparisons of the CFD studies at the design step are done in order to improve 

the pump performance. The final design is obtained by using these comparisons. Two 

design is compared. The final forms of both of the designs provide the desired flow 

rate and head. The efficient design is selected as the final design which is DESIGN-A-

COR with the profile of RITZ.  

 

According to the experimental tests results, 4 degrees blade position adjustment 

provides 16 % change at the flow rate and 10 % change at the head of the pump. The 

best efficiencies of the three blade positions are approximately same. This means that 

an operational range from 500 to 700 l/s is obtained with a single pump.  

 

The experimental and the numerical results for three blade positions are given in 

Figure 7.1. The same blade positions are tested numerically and the experimentally.  

 

 
 

Figure 7.1 Comparison of the CFD and experimental test results 

 

The CFD results are in a good agreement with the experimental results. The best 

efficiency flow rate for the three positions are predicted well with CFD. The efficiency 

is predicted about 4 % higher than the experimental results. The head value is higher 
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at the experimental tests. The head difference at the best efficiency point is about 5 %. 

However, the head characteristics are obtained very close to the experimental test 

results.  

 

Discussion on unsteady calculation of the CFD : 

 

The CFD calculations are given in Chapter 4 in detail. The unsteady flow inside the 

pump can only captured by unsteady calculations which are Sliding Mesh calculations. 

The analysis at the best efficiency point is performed with CFX. The differences are 

found about 5 % for the head and 2 % for the efficiency.  

 

The comparison of the transient and steady-state analyses with experimental test 

results are given in Figure 7.2. As expected, the difference between the transient CFD 

and the experimental test results at the head is decreased to  less than 1 %.  However, 

the efficiency of the transient CFD results is higher from results of the steady-state 

analyses. Efficiency is 7 % higher than the experimental results.  

 

 
 

Figure 7.2 Comparison of steady-state and transient analyses with the experimental 

tests 
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It is interesting to get much more higher efficiency values from the CFD. This is 

obtained due to the difference on the torque values. The lower torque values are 

calculated by CFD.  

 

The differences at CFD and experimental test results may occur due to the limitations 

given below : 

 

 the errors related with the numerical analyses are :  

 

o numerical errors due to finite difference approximations 

 

o modeling errors including the physics of the flow and the turbulence 

modeling 

 

o unknown boundary conditions such as inlet and outlet velocity or 

pressure profiles. 

 

o unknown geometries such as tip clearances  

 

 manufacturing tolerances,  

 

 the test uncertainty.  

 

 

Discussion on predicting the flow rate of the new blade position : 

 

The operational flow rate is predicted very close to the experimental results that have 

less than 0.5 % difference. From this point, CFD can be used as the main tool in order 

to predict the operational flow rate of the variable pitch axial flow pumps.  

 

For variable pitch blades, the adjustment of the performance can be predicted with 

some approaches derived by using the statistical calculations of various pump tests. 

An approach is given for the axial flow pumps is in Equation (7.1).  

 

,

s

ref s ref

Q

Q






     [18]          (7.1) 

 

The ,s ref  is the average angle at the reference blade position. The designed pump has 

an angle of 27
o
 at the 0 degrees blade position.  

 

An example calculation for this approach is given below for 4 degrees blade position 

change for 100 l/s reference flow rate. 
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,

s
ref

s ref

Q Q





   

For 100 l/s ,refQ   

4
100 14.8   l/s    is found.

27
Q x    

 

This means that about 15 % flow rate change will be obtained by the 4 degrees blade 

position change. By this calculation, the flow rate change can be predicted but it is not 

useful without knowing the head change. For this pump using the test data a 

correlation for the head change can be developed. 

 

7.2. Conclusion 

 

In this thesis, a vertical turbine axial flow pump is designed with the help of CFD. The 

designed pump is manufactured and tested in Layne Bowler Pumps Company. The 

designed pump has variable pitch blades which provide large operational range. 

Adjustment of the blades is the most commonly used method in order to modify the 

performance of the axial flow pumps.   

 

The summary of the design procedure, the CFD application and the experimental tests 

are as follow : 

 

 The design procedure for the axial flow pump is investigated. Calculation 

steps for selecting the main dimensions are given. After selecting the main 

dimensions the head and flow coefficients of the pump are controlled. The 

cavitation criteria which is the limiting factor of the design is checked. The 

velocity triangles for the inlet and outlet are considered. At this step, the 

airfoil theory is significant. According to the theory, for various blade 

sections, flow through the airfoil is considered. The approach flow direction is 

specified. The angle between the approach flow direction and tangential 

direction is specified. So, the two important parameters which are the 

approach flow velocity and the angles are obtained.  The calculations and 

selections are done by the desired lift from the blade section. So, the relation 

between the lift coefficient and the head is used at this step. In order to do this, 

the flow deflection coefficient is calculated. Now, the multiplication of the 

solidity and the lift coefficient is known. The design continues with the 

selection of one of these parameters. The solidity is selected and the lift 

coefficient is calculated.  

 

 The profile selection is done according to desired lift coefficient. While the 

selection is done, the drag coefficient of the profile should be minimum. After 

checking the thickness of the blade sections in terms of the  manufacturability 
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and strength, the solid models of the designed pump are prepared.  The 

diffuser and the other parts of the pump are designed as will be working 

compatible with the impeller.  

 

 The solid models of the pump imported to the CFD software. In this thesis, the 

CFD calculations of the pump are done with CFX and Fluent programs. The 

improvement analyses are done with CFX and the CFX results are compared 

with the Fluent for the final design.  

 

 The CFD used as the main tool to design the desired pump. The results of the 

CFD guide the design and appropriate design changes are done. For 

improvement analyses the calculations are done with steady-state calculations. 

After the final design is decided, the unsteady analyses are done to check the 

design. 

 

 Cavitation is the major limitation factor of the design. It is important to 

operate the pump without cavitation damage. For this reason, the NPSHR 

parameter must be known. The cavitation check can be done using the CFD. 

The two-phase flow modeling feature of the CFD is very useful for this kind 

of problems. The designed pump in this thesis has variable pitch blades. The 

performance tests are done on the three blade positions. So, the NPSHR 

change with the blade position change must be known. The NPSHR value 

increase with the blade angle. The NPSH versus head drop variation is 

obtained using CFD.  

 

After these works and investigations, the conclusions given below are obtained : 

 

1. In this thesis, an axial flow pump design procedure is developed and used. 

CFD is integrated into the design procedure. By evaluating the results 

obtained from the CFD results, the design is improved. The final design is 

manufactured and experimentally tested. It is seen that the pump performance 

at the reference position which is the 0 degrees blade position satisfies the 

design point with the tolerances given in standard, [19]. 

 

2. The effect of blade profiles is investigated. Two airfoils are used. The blades 

of the DESIGN-A is designed using RITZ and the blades of the DESIGN-B is 

designed using NACA profiles. The design calculations are performed to 

satisfy the desired lift. The angle of attack values of the blade sections of two 

designs are calculated and the geometries are created. The corrections are 

performed at the design calculations after the evaluation of the CFD results. 

The desired design parameters are achieved with the several design changes. 

The final forms of the DESIGN-A and DESIGN-B are called as DESIGN-A-

COR and DESIGN-B-COR. According to the  CFD results DESIGN-A-COR 
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is found more efficient than the DESIGN-B-COR. The difference at the 

efficiency is about 4 % at the best efficiency point of the two designs. 

DESIGN-B-COR has the head of about 1 % higher than the DESIGN-A-COR. 

The final design for the thesis is taken as the DESIGN-A-COR.  

 

3. The DESIGN-A has a non-symmetrical profile of RITZ and the DESIGN-B 

has a symmetrical profile of NACA. According to the CFD results, it can be 

said that the non-symmetrical profile is more convenient for this type of 

pump. Because the pressure minimum values at the leading edge of the 

DESIGN-B blade sections are obtained lower than the DESIGN-A from the 

pressure distributions over the impeller blade sections obtained by CFD 

results. 

 

4. Some investigations are done on DESIGN-A-COR. The turbulence model is 

changed and the analyses are performed. It is not seen that a significant 

difference between k-ε and SST turbulence models at the best efficiency 

point. The difference is about less than 1 % at the efficiency and head at the 

best efficiency point. But, the differences are increasing at the  partload and 

the overload of the pump. Because, the complexity of the flow over the 

impeller and diffuser blades arise. Further investigations must be performed 

on turbulence modeling. 

 

5. Flow inside the pump is fundamentally unsteady. So, in order to understand 

the effect of unsteady rotor stator interaction, the transient analysis is 

performed for the best efficiency point. The Sliding Mesh technique is used 

by CFD tool. Analysis is done at the same turbulence model which is k-ε. 

According to the result of the analysis that is performed for the best efficiency 

point, the calculated head and the efficiency are higher than the steady-state 

calculation. The differences with the Frozen Rotor calculation are about 5 % 

for the head and 2 % for the efficiency. The steady-state calculations are so 

simple than the unsteady calculations. Unsteady CFD calculations take more 

time and more computational effort. So, it is not used at the design step. As 

seen from the comparison steady-state analyses can be used for the 

improvement analysis. The results of the steady-state analyses can be used 

with confidence near the best efficiency point. But, steady-state results may 

not be convenient at the off-design conditions. Because, the flow at the 

partload or overload is highly unsteady. So, the results obtained at that region 

will be questionable with the steady-state analyses.  

 

6. In this thesis, the CFX software is used as the main CFD tool at the design 

step. In order to compare the results with an another CFD software, the final 

design is analyzed by using the Fluent code. The same Frozen Rotor 

calculations are repeated by using the Fluent. The difference at calculated 



 120 

efficiency and head is less than 0.5 %. This verification is enough for the 

thesis. Further investigations can be done for  both of the software but this 

investigations are not in scope of the thesis. This two software verification is 

important to manufacture the pump with confidence by using the results of 

one of them.  

 

7. Further investigations are continued by evaluating the effect of surface 

roughness. For several roughness heights, the best efficiency point is analyzed 

by using CFX. The surface roughness heights of 25, 50 and the 100 μm are 

investigated. As expected, the efficiency drops with the increase in surface 

roughness. It can be said that the roughness is very important for the axial 

flow pumps. The efficiency drops dramatically by the increase of surface 

roughness height. At the 100 μm, efficiency drops 7 % and head drops 8 %. 

 

8. In this thesis, a variable pitch axial flow pump which provides a performance 

adjustment is designed. By using CFD, the three blade positions are analyzed 

and the performance curves are obtained. The adjustment for this pump is 

done for ± 4 degrees. By increasing the blade angle, the flow rate and the head 

increase. It is seen from the results of CFD analyses that the efficiency of the 

pump can be accepted same (less than 1 % difference) when the blade position 

changes in the range of ± 4 degrees. The performance of the pump changes 

approximately at the flow rate of ±16 % and the head of ±10 % with the ±4 

degrees change of blade position. The performance change obtained by 

experimentally is the same with CFD results. This means that CFD can be 

used for predicting the new performance of the pump with the blade position 

change. However, according to experimental performance tests, the efficiency 

is 4 % lower and head is 5 % higher than the steady-state CFD results. 

 

9. The cavitation performance of the designed pump is obtained by using CFX, 

too. Analyses are done with two-phase homogenous cavitation model using 

the Rayleigh-Plesset equation. K-ε turbulence model is used and the analyses 

are done with Frozen Rotor technique. The NPSH versus head variation is 

very useful to obtain the NPSH required of the pump. For three blade 

positions the plots are obtained. So, the variation of NPSH with the head is 

obtained. Same trend for three cases is obtained. NPSHR is defined as the 

three-percent head drop. It is observed that the NPSHR of the pump increases 

with the increase of flow rate. Before the three percent head drop happens at 

the NPSH versus H curve, it is seen that the head increases with the 

decreasing NPSH. It reaches the maximum value and than drops sharply. 

Cavitation is a limiting factor for the blade position. So, the NPSH available 

must be sufficient for the maximum flow rate. The vapor bubbles are 

concentrated at the tip of the suction side of the blades. The flow inside the 

axial flow pumps becomes more complicated after the cavitation occurs. The 
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cavitation characteristic of the axial flow pumps is different than the other 

types of pumps. It is thought that the difference is about the high recirculation 

intensity of the axial flow pumps.  

 

10. For a good cavitation characteristic the blade sections should be selected very 

carefully. The maximum thickness position of the airfoil plays important role 

at this point. In this thesis, the RITZ profile having the maximum thickness 

position of the 30 % chord length is used at the designed pump. 

 

11. It is seen from the experimental tests, the instability problem occurs at the    

Q-H characteristics of the axial flow pump at the 70 % Qbep. The unstable 

characteristic is related with the specific speed of the pump. As explained in 

detail at the Chapter 2, the high intense recirculation at the high specific speed 

pumps results unstable characteristics at the Q-H curve. The unstable 

characteristics of the pumps can be stabilized by using CFD. However, in this 

thesis, the stabilizing studies are not performed for the designed pump.  

 

7.3. Future Work 

 

Pumps are used for several applications. They are very important role in human life by 

providing the water transport. The energy consumption of the pumps is significant in 

here. Because, energy resources of the Earth is decreasing. So, the most important 

thing for the engineers is to design more efficient pumps. This can only be done by 

education, being experienced on pumps and using the helpful tools. The tools for the 

engineers decrease the design periods and provides simplicity. At this century, the 

technology is enough providing powerful computers and manufacturing machines. By 

using these tools, the efficient pumps can be designed. 

 

In this thesis, a design example is done. The design calculation procedure is obtained. 

It can be developed and the design period can be decreased in the future by 

investigations.  

 

The variable pitch blades application is not common in Türkiye. Using a pump with a 

large operational range is very beneficial for the manufacturers and the users. In this 

thesis, a pump operated at the 500-700 l/s is designed. The hydraulic and mechanical 

reasons limit this range. This range is obtained using the pump at the degrees of +4 

degrees to -4 degrees. The investigation of this angle limitation must be done in the 

future.  

 

Some approaches must be developed for the angle change of the axial flow pumps to 

predict the performance of the new operation point. But, the angle change may differ 

for different types of axial flow pumps. Specific speed may play the main role at this. 

The flow rate change for the designed pump at this thesis is  16 %, the head change is 
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10%. For the pumps with different specific speeds act different. Flow rate and the 

head change may be more or less than 16 % and 10 %  at different specific speed 

pump.  

 

The CFD tool is used effectively at the design process. By using this tool, the design 

can be improved much more than the results obtained in this thesis. For this purpose 

different airfoils must be tried. Furthermore, the most important element of the pump 

is diffuser. So, some investigations must be performed on diffuser. In conclusion, the 

flow inside the impeller and the diffuser should be evaluated well.  

 

In this thesis the effect of recirculation is tried to be explained in detail. The unstable 

characteristics of the axial flow pumps are related with this flow phenomena. The 

recirculation is inevitable for the high specific speed pumps because of their geometry. 

In order to stabilize the Q-H curve of the pump and extend the operational range of the 

pump  or decrease onset of  the recirculation to the lower flow rates,  this phenomena 

must be understood well. The parameters that effect the recirculation intensity is 

important at this point.  
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APPENDIX A 

 

 

DESIGN CALCULATIONS OF THE MANUFACTURED PUMP 

 

 

Design Parameters 

Flow rate Q (l/s) 600 

Head H (m) 4.5 

Rotational speed n (rpm) 1000 

      

Specific speed (non-dimensional) ns 4.74 

Specific speed (metric) nq 250.71 

      

Assumptions for efficiencies 

Hydraulic efficiency ηh 0.88 

Volumetric efficiency ηv 0.97 

Mechanical efficiency ηm 0.96 

Overall efficiency η 0.82 

      

Flow rate through the impeller Q' (l/s) 618.56 

      

Recommended main dimensions 

Head coefficient ψ 0.087 

  fψ 0.97 

Outer diameter d2o (mm) 429.51 

Flow coefficient φ 0.227 

  a 0.18 

Hub-to-tip ratio d2i/d2o 0.437 

Inner diameter d2i (mm) 187.69 

      

Selected main dimensions 

Outer diameter d2o (mm) 430 

Inner diameter d2i (mm) 185 

      

Calculated values 

Hub-to-tip ratio d2i/d2o 0.430 

Area at the outlet without blockage A (m2) 0.1183 

Meridional velocity at the outlet V2m (m/s) 5.23 
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Head coefficient ψ 0.087 

Flow coefficient φ 0.232 

Theoretical head Hth (m) 5.11 

Cavitation coefficient  0.226 

NPSHR (m) 5.85 

      

Meridional velocity correction 

Free flow area at the maximum thickness (m2) 0.1113 

Blocked area (m2) 0.0124 

Maximum blockage factor 1.1252 

Correction factor for the blockage 0.970 

Corrected meridional velocity  Vm,cor (m/s) 6.06 

      

Assumption for the inlet condition 

No-inlet whirl condition  

Inlet flow angle α1 (o) 90 

Tangential component of inlet velocity V(m/s) 0 

 

 

Application of Aerodynamic Theory 

1. Obtaining the diameters of streamlines  

  A B C D E 

Diameters of streamlines for four equal area d (mm) 185.00 268.13 331.00 383.71 430.00 

              

2. Calculation of β∞ 

  A B C D E 

Peripheral Velocity U (m/s) 9.69 14.04 17.33 20.09 22.51 

Vortex assumption Free vortex design is selected 

Theoretical head Hth (m) 5.11 5.11 5.11 5.11 5.11 

Tangential component of outlet velocity V(m/s) 5.18 3.57 2.89 2.50 2.23 

  W∞2 (m2/s2) 87.13 186.89 289.06 391.80 494.75 

  

  
W∞ (m/s) 9.33 13.67 17.00 19.79 22.24 

β∞ (o) 40.51 26.33 20.89 17.84 15.82 

  

Results of the β∞ calculation 

β1 (o) 32.04 23.36 19.28 16.79 15.07 

β2 (o) 53.37 30.08 22.78 19.01 16.64 

W1 (m/s) 11.43 15.29 18.36 20.99 23.32 
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W2 (m/s) 7.56 12.10 15.66 18.61 21.17 

W2i/W1i 0.66         

Vmi/V2i 1.01         

ψ/(φηh) 0.426         

Degree of Reaction R 0.73 0.87 0.92 0.94 0.95 

              

3. Profile Selection and Blade Calculations 

  A B C D E 

Number of blades z 4 

Pitch s (mm) 145.30 210.59 259.97 301.36 337.72 

  

Profile Ritz3-30-10 

ymax/c of profile 0.10 0.10 0.10 0.10 0.10 

Modification of the thickness thicker thicker thinner thinner thinner 

ymax/c of modified profile 0.134 0.108 0.089 0.073 0.059 

Thickness factor 1.34 1.08 0.89 0.73 0.59 

  

Maximum thickness ymax (mm) 17.50 15.60 13.90 12.10 10.40 

  

Chord length c (mm) 131.00 144.00 157.00 166.00 175.00 

  

Sliding angle λ (o) 0.56 0.61 0.72 0.87 0.99 

              

Flow deflection coefficient CL(c/s) 1.10 0.51 0.33 0.25 0.20 

Solidity c/s 0.90 0.68 0.60 0.55 0.52 

Lift coefficient CL 1.217 0.749 0.553 0.449 0.378 

Drag coefficient CD 0.0120 0.0080 0.0070 0.0068 0.0065 

Angle of attack  (o) 7.50 4.00 3.00 2.50 2.00 

Stagger angle β∞+ (o) 48.01 30.33 23.89 20.34 17.82 

              

4. Spherical geometry and correction for meridional velocity 

  A B C D E 

Diameter of the spheres Dsph (mm) 218.68 283.85 341.29 391.15 435.43 

  

Free flow area at the maximum thickness (m2) 0.1113 

Blocked area (m2) 0.0124 

Blockage factor 1.1252 

Correction factor for the blockage 0.970 

Corrected Vm (m/s) 6.06 
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5. Projected views of the blade 
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Diffuser Design Calculations 

  A C E 

D (mm) 185.00 331.00 430.00 

α2 (o) 45.27 61.02 66.91 

blockage 1.14 1.06 1.04 

α3 (o) 48.91 62.43 67.79 

α4 (o) 90.00 90.00 90.00 

Number of blades 7 

Blade thickness (mm) 7.5 

 

 

Impeller and Diffuser Blades 
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Structural Design Calculations 

Maximum flow rate Qmax (l/s) 700 

Maximum head Hmax (m) 4.8 

Rotational speed n (rpm) 1000 

      

Shaft Power Ps (kW) 41.18 

  PM (kW) 47.35 

Minimum shaft diameter  ds,min (mm) 37.0 

      

Bending Stress of the Impeller Blades 

Axial thrust FxT (N) 5233.75 

Axial thrust per blade Fx (N) 1308.44 

  Mx (Nm) 78.73 

  M (Nm) 33.34 

Resultant moment M (Nm) 85.50 

Section of modulus Z (m3) 6.48E-07 

Bending stress b (MPa) 131.9 

      

Material Properties     

Density mat (kg/m3) 7800 

Yield Strength Sy (MPa) 276 

Ultimate Tensile Strength Su (MPa) 758 
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APPENDIX B 

 

 

PHOTOGRAPHS OF THE PUMP 

 

 

 

 
 

Figure B.1 Pump Assembly 
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APPENDIX C 

 

 

SAMPLE UNCERTAINTY CALCULATION 

 

 

 

The uncertainty calculation of the vertical turbine pump tests are performed regarding 

to the standard TS EN ISO 9906, [19]. A sample calculation is done as below. 

 

At least 3 readings must be performed for the uncertainty calculations of the 

measurements.  

 

Table C.1 – Test data for the sample operating point 

 

Reading 

Number 

Hm 

(m) 

Q 

(l/s) 

Hdyn 

(m) 

P 

(kW) 

1 4.09 400.1 -0.49 21.15 

2 4.1 400.2 -0.495 21.17 

3 4.09 400 -0.5 21.18 

4 4.1 400.05 -0.49 21.18 

5 4.07 400.1 -0.495 21.17 

6 4.07 400.1 -0.49 21.17 

7 4.09 400.2 -0.485 21.19 

8 4.1 399.9 -0.49 21.18 

9 4.08 400.1 -0.495 21.17 

10 4.1 399.9 -0.49 21.18 

average 4.089 400.065 -0.492 21.174 

 

The total uncertainty of a measurement UT is calculated using systematic uncertainty 

US and random uncertainty UR; 

 

2 2

T S RU U U                                                         (C.1) 

 

The random uncertainty of a measurement is defined as two times the standard 

deviation, [19]. The standard deviation is calculated as; 

 

2 2 2

1 2 n(x - x) +(x - x) +...+(x - x)
s =

n
                             (C.2) 
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Where x is the average value of the measurements, x1, x2, x3, …, xn are the 

measurement values and n is the total number of measurements. The standard 

deviation, the absolute random uncertainty and the random uncertainty are tabulated 

below for each measured quantity. 

 

 

Table C.2 – Values for standard deviation and random uncertainty for  

each measured quantity 

 

 Hm 

(m) 

Q 

(l/s) 

Hdyn 

(m) 

P 

(kW) 

Standard  

deviation 
0.011 0.1 0.004 0.01 

Absolute random 

Uncertainty 
0.023 0.2 0.008 0.020 

Random Uncertainty (%) 0.55 0.05 1.62 0.09 

 

Systematic uncertainty depends on the sensitivity of the instrument or method used in 

measurements and do not change with repeating measurements, [19]. Systematic 

uncertainty is found by the help of calibration certificates of the instruments. 

 

Table C.3 – Values of systematic uncertainty for each measured quantity 

 

Hm 

(%) 

Q 

(%) 

Hdyn 

(%) 

P 

(%) 

2.62 0.78 0.1 1.45 

 

Now, total uncertainty can be calculated using Table C.2 and C.3 with the formula 

given in Equation (C.1). 

 

Table C.4 – Values of total uncertainty for each measured quantity 

 

Hm 

(%) 

Q 

(%) 

Hdyn 

(%) 

P 

(%) 

2.67 0.78 1.63 1.45 

 

The total head of the pump, Ht, is calculated as; 

 
2

f

t m dyn

V
H = H + H +

2.g
                   (C.3) 
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Hm is the manometric head, Hdyn is the dynamic water level and Vf is the velocity of 

the fluid where the pressure reading is done. Therefore Vf is calculated by dividing 

flow rate to the cross-sectional area, Ap, of the pipe. 

 

f

p

Q
V =

A
                    (C.4) 

 

The total uncertainty of velocity of the fluid UT_f is calculated using the cross sectional 

area of the pipe which is 0.159 m
2
 

 

T_f T_Q

p

1
U = U

A
                                (C.5) 

 

UT_Q is the total absolute uncertainty of flow rate. 

 

T_f

1
U = 0.0031

0.159
 

 

T_fU = ±0.019  m/s 

 

Dividing the result by the nominal value of fV  total uncertainty of the velocity of 

pumping fluid is found to be 0.78 %. 

 

The total uncertainty of the total head, UT_Ht is calculated as, 

 

f2 2 2

T_Ht T_Hm T_Hdyn T_Vf

V
U = ± U +U +( U )

g
                   (C.6)

  

Substituting the absolute values for each total uncertainty into Equation (C.6), 

 

2 2 22.51
0.109 (-0.008) ( 0.019)

9.81
T_HtU = ±      

   

T_HtU = ±0.11  m        

 

Total uncertainty is calculated as 2.81% by dividing the absolute total uncertainty 

value of Ht to its nominal value. 
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The density is taken as constant throughout the experiments. A graded cylinder is used 

to calculate the density of the fluid. Then, density of the fluid is found by dividing 

mass of the fluid to its volume. 

 

f

m
ρ =

V
                    (C.7)

  

1±0.01 liter of fluid’s mass is measured as 1±0.002 kg. The total uncertainty of the 

fluid density is calculated using the Equation (C.8), 

 

2 2

T_ρ T_V T_m

1
U = ± (mU ) +( U )

V
                 (C.8) 

 

Where UT_V is the total uncertainty of the graded cylinder and UT_m is the total 

uncertainty of the measured mass of the fluid. 

 

-5 2 -3 2

T_ρ -3

1
U = ± (1 10 ) +( 2 10 )

10
    

 

 T_ρU = ±2  kg/m
3
 

 

The system efficiency of the pump-motor assembly, ηs, is calculated as, 

 

t
s

ρgQH
η =

P
                    (C.9)

  

The total uncertainty of the system efficiency (wire to water efficiency), UT_ηs is 

derived from Equation (C.9), 

 

t t
T_ρ T_Q T_Ht

T_ηs

t
T_P2

gQH ρgH ρgQ
U + U + U

P P P
U =

ρgQH
+ U

P

      
     
     

  
  
  

                           (C.10) 

 

Then calculated values are substituted into Equation (C.10): 

 

3.91 3.91

3.91
0.11

2 2

T_ηs 2 2

2

9.81 0.4 1000 9.81
2 + 0.003

21174 21174
U =

1000 9.81 0.4 1000 9.81 0.4
+ + 0.307

21174 21174
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T_ηsU = ±2.11  % 

  

Total uncertainty is calculated as 2.93 % by dividing the absolute total uncertainty 

value of ηs to its nominal value. 

 

The results are tabulated below for the uncertainty analysis and compared with the 

limits given in TS EN ISO 9906, [19]. 

 

Table C.5 – Comparison of total uncertainty percentages and their limits in the 

regarding standard, [19] 

 

Parameters 
Class – 1 

Limits (%) 

Class – 2 

Limits (%) 

Calculated 

Uncertainties 

(%) 

Flow Rate, Q  ± 2.0 ± 3.5 ± 0.78 

Total Head, Ht  ± 1.5 ± 5.5 ± 2.8 

Power P  ± 1.5 ± 5.5 ± 1.45 

Efficiency, ηs  ± 2.9 ± 6.1 ± 2.93 

 

The calculated uncertainties satisfy the limitations of Class-2 experiments given in the 

standard, [19].  

 

 

 

 

 

 

 

 

 

 

 

 

 




